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Abstract
Filtrate, which accounts for almost 15 to 20% of the mixed juice produced in a raw sugar factory,
is usually recirculated, which is detrimental to the process. This can lead to: increased sugar
inversion and reduction in both sugar quality and clarifier performance. Previous attempts on
filtrate clarification have shown limitations for its implementation due to the long residence
times of the clarifiers, complex operations and low quality of clarified filtrate. A filtrate
clarification pilot plant using a very short residence time clarifier (10 minutes) was designed and
tested during the 2012 Louisiana sugarcane harvesting season. Louisiana Low Turbulence
technology (LLT) that has been successfully used for mixed juice clarification was utilized. The
results show that when clarified filtrate and the clear juice of the main factory clarifiers were
mixed in a proportion of 1:5, no significant difference was found between the clarified juice and
this mixture. Additionally, the suspended solids removal achieved in the filtrate clarifier was as
high as 95% and the color of the clarified filtrate was lower than the clear juice color. Finally,
these results suggest that the unit operated satisfactorily and a full scale implementation of this
technology can avoid the undesirable recirculation of filtrate by using a simple process, with
high throughput and small footprint.

xi

1. Introduction
The cane sugar industry is an important economic force in the state of Louisiana. Sugar cane is
being raised over 400,000 acres of lands in 23 Parishes producing approximately twelve millions
tons of cane with an economic impact of $2.2 billion to the sugar cane growers and raw sugar
factories of the state. Additionally, the cane sugar industry generates 27,000 employments and
produces about 20% of the sugar grown in the United States [1]. However, this industry has a
major challenge compared to other sugar industries abroad: the harvest season is very short.
Harvesting lasts about three months (late September to December) compared to other countries
where the campaigns can last from 6 months to 12 months. Therefore, the Louisiana Sugar
Industry must be very efficient in order to remain competitive.
One of the areas where the factory process can be improved is in the juice stream returned from
the mud filters (filtrate), which is continuously recirculated back to the mixed juice tank. This
stream accounts almost 15-20% of the volume of juice processed and its recirculation brings
several disadvantages like: recirculation of sugars as well as non-sugars, inversion of sucrose,
microbial activity, and color generation. If this stream is treated independently through a
clarification operation to produce a juice of a quality sufficient to be mixed with the clarified
juice that is forwarded to the evaporators, the elimination of this recirculation stream can
increase the plant capacity almost 20%. However, this operation has been attempted in the past,
but it has not been widely applied due to the high residence times of the settlers utilized, the
complexity of the processes designed, and the low quality of the clarified juice. This thesis
reports the development of a simple filtrate clarification process and the design of a clarifier with
very short residence time utilizing a Louisiana Low Turbulence technology (LLT).

1

1.1. Sugarcane Processing
The process for producing sugar (sucrose) is a complex process that requires several unit
operations: milling or diffusion, heating, flashing, defecation, clarification, evaporation, boiling
and centrifuging. The first steps of the process (extraction, heating, clarification and filtration)
are sketched in Figure 1 and will be explained below. The evaporation, syrup clarification,
boiling schemes and centrifugation go beyond the scope of this research and will not be
explained but, the information can be found elsewhere [2], [3], [4], [5], [6], [7].
1.1.1. Extraction of the Juice
Juice extraction by crushing the cane is the first step in raw sugar processing. The cane is first
prepared for crushing by either revolving knives that cut the stalks into chips and/or heavy duty
hammer mills (shredders) that shred the cane. After this operation, the prepared cane is conveyed
to the mills (Figure 1). To improve the juice extraction, water or thin juice sprays are directed to
the cane as it emerges from each mill unit to leach out the sugar, this operation is denominated
imbibition. In the best milling practice more than 95% of the sugar in the cane goes into the
juice. This percentage is called sucrose extraction [4].
After the milling process, the fiber component (bagasse) from the last mill contains the unextracted sugar, the woody fiber, and 45 to 55% water. This material usually sent to the boilers to
be used as fuel [4].
1.1.2. Heating
The temperature of the raw juice that comes from the extraction plant is close to ambient
temperature if a mill tandem is installed or about 60 °C if it comes from a diffuser. As it can be
observed in Figure 1, a stream denominated filtrate is returned and mixed with the raw juice
2

increasing the raw juice temperature. This filtrate is almost 15-20% of the total volume of juice
entering the plant and its recirculation brings several drawbacks to the process. When the juice
from that has been extracted in the mill is mixed with the filtrate it is commonly termed mixed
juice (other recirculation streams may also be mixed at this point). The mixed juice is sent to a
series of heat exchangers to raise the temperature few degrees above the boiling point (102-104
°C) and then flashed to remove all the dissolved gas, and to feed the mixed juice into the clarifier
at a constant temperature [2], [3], [4].

Figure 1: Flow Diagram of Raw Sugar Factory [2]
The juice is generally heated in two or more stages, making use of low pressure steam in the first
stage to improve the steam economy. Depending on the degree of steam economy desired, vapor
III, vapor II and vapor I may be used, respectively. The juice is usually heated in stages, with the
lowest pressure steam used for the first stage and progressively increasing it after each stage. In
most cases, two stages of heating are applied, often with vapor II and vapor I being used. These
operations are referred to as primary (PJH) and secondary (SJH) heating stages as shown in
3

Figure 1. Finally, juice heating is mostly carried out using shell and tube heat exchangers.
Nevertheless, plate and frame heaters are becoming more popular. The design, sizing and heat
transfer coefficients of the heating technology used in the sugar industry are discussed in deep in
the following references [2], [3], [8].
1.1.3. Clarification
The clarification operation (Figure 1) is designed to remove both soluble and insoluble
impurities. The clarification of the juice is achieved in a settler, commonly named clarifier where
two products are obtained: a clarified juice and a mud which are obtained as an overflow and
underflow, respectively. The clarified or clear juice is sent to the evaporators to be converted to
syrup and finally sugar. On the other hand, the muds are pumped to the filtration station to
recover the sucrose entrained in the muds.
To achieve a good clarification it is important to add milk of lime to the mixed juice until it
reaches a pH of 7-7.5; this operation neutralizes the natural acidity of the juice and promotes the
formation of insoluble salts, mainly calcium phosphate. Then, the limed juice is heated to
slightly above its boiling point to coagulate the albumin, waxes and gums and more important
flashing it. The flashing operation consists in forwarding the superheated juice to a vessel open
to the atmosphere where most of the dissolved air is eliminated [9]. This operation is important
to eliminate entrained air from the juice to avoid undesirable effects like flocs flotation. After the
flashed juice is sent to the clarifier, a flocculant, which is basically a chain of polyacrylamide
partially hydrolyzed, is added at the clarifier’s feed to form flocs that will settle in the clarifier.
These flocs are basically compounded by insoluble calcium phosphate that is formed from the
reaction of the milk of lime and the inorganic phosphate present in the juice. If the phosphate
concentrations are below 200 ppm the clarification will poor. If this occurs, phosphoric acid can
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be dosed to the juice in order to increase the phosphate concentration. The phosphoric acid is
usually added prior to heating in order to guarantee enough time to form a floc of good quality.
Finally, the juice is separated by sedimentation where two phases are obtained: clear juice and
mud. The clear juice (14-15 °Brix) is sent to the evaporators and the muds are filtered in order to
recover as much sucrose as possible [2], [4], [10], [11], [12].
1.1.4. Filtration
After clarification, the mud is removed from the clarifier and then sent to the filters to recover
the sucrose from the mud solids. The filtration operation is sketched in Figure 1 and basically
consists in mixing the mud with small bagasse particles, known as bagacillo, which works as
filtration aid. The mud is then pumped onto the filters, where water and vacuum (75 °C) are used
to wash the sucrose entrained by the muds. In the Louisiana Sugar Industry, two types of filters
are in use, the rotary vacuum filter and the horizontal belt filter [13], [14], [15], [16], which
generate continuously two products: a filter cake that is withdrawn from the process and a filtrate
juice (8-9 °Brix) that is continuously recirculated and mixed with the raw juice. The filtrate
accounts for 15-20% of the total juice fed to the factory [17], [18] and its recirculation is
detrimental to the process. Therefore, several solutions have been proposed to avoid the
recirculation of filtrate including filtrate clarification, filtrate clarification by centrifuging or
conveying the clarifier muds to the diffuser in cane diffuser factories. Nevertheless, few of the
proposed technologies are widely applied in the industry because of the complexity of the
operation, technical requirements, operational costs and poor quality of the clarified filtrates
[19], [20], [21], [22], [23], [24], [25], [26], [27], [28].
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1.2. Filtrate Clarification
The Filtrate, which accounts for almost 15 to 20% of the total juice fed to the factory and is
continuously recirculated back to the process because is very turbid and contains a lot of
impurities to be mixed with clear juice. The recirculation of this stream may bring disadvantages
to the process including the recirculation of sugars as well as non-sugars, reduction in
clarification efficiency, higher mud volume, and reduction in clarification station capacity [23].
To minimize these effects, different technologies to treat this stream have been proposed. The
most popular are filtrate clarification by flotation or sedimentation. The primary operational
difference between these technologies is that the flotation clarifier requires a stream of air; which
allows the flocculated particles to float (supernatant) and the clarified filtrate is obtained as an
underflow, while sedimentation removes the muds through the bottom of the clarifier and the
clarified filtrate is obtained as the overflow. The literature regarding filtrate clarification either
by flotation or sedimentation has been reviewed and is discussed below.
1.2.1. Filtrate Clarification by Flotation
Flotation clarification is a process which has found extensive use both in water treatment and in
the mineral processing industry. In the sugar industry is used in the clarification of syrup for the
production of raw sugar or the phosphatation process in sugar refining. Flotation clarification
has been applied to treat filtrate as an alternative to avoid the recirculation of the filtrate juice
with variable results [19], [20], [21], [26].
Filtrate clarification by flotation consists in pumping the filtrate juice from the filters to a
reaction tank where the filtrate is dosed with a solution of phosphoric acid. Then, milk of lime is
added to control the pH of the filtrate and to promote the formation and coagulation of calcium
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phosphate. Subsequently, the reacted juice is aerated and a continuous dosage of flocculant is
added to the filtrate to form flocs. Finally, the juice is sent to the clarifier, where the muds are
obtained as an overflow and the clarified filtrate as the underflow. The operational conditions of
different reports on filtrate clarification by flotation are summarized in Table 1.
Table 1: Reported Process Conditions Filtrate Clarification by Flotation

Khan [20]
Tong et al. [19]
Bento et al.
[21], [26]

Phosphoric
Acid
5ppm
40-50 ppm

Liming

Heating

Flocculant Addition

Yes
pH: 8.3-8.9

No
No

78 ppm

No

No

1-1.5 ppm
5.0-6.0 ppm
15 ppm cationic and 3 ppm of
anionic flocculants

First, Khan [20] reported application of filtrate clarification by flotation in the Philippines. The
process flow diagram and the process conditions are shown in Figure 2 and Table 1, respectively.
The process consisted in sending the filtrate to a buffer tank in order to feed the flow to the
system continuously and smoothly. Then, phosphoric acid and milk of lime were added in order
to promote the floc formation. The reacted juice was aerated and finally dosed with flocculant
and sent to the flotation clarifier. The results of the study have been summarized in Table 2 and
from them an apparent purity rise greater than 2.3 units can be observed. Nevertheless, more
recent studies on filtrate clarification [21], [26] report a true purity rise up to 1.1 units,
suggesting that apparent purity rise should not be used to measure the clarifier efficiency. This is
consistent with Honig [29] and Kochergin [30] who have questioned the reliability of the
measurement.
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Figure 2: Filtrate Clarification Process [20]
Moreover, the reported turbidity removal was approximately 96%; which shows that the clarifier
performance was apparently good. Unfortunately, Khan did not report the turbidities after
clarification making it difficult to determine the quality of the clarified filtrate and the turbidity
removal by itself does not provide this information. However, Khan reported that the clarifier
operated successfully at a low temperature avoiding sugar inversion and additional steam
requirements for heating purposes. Finally, due to the non-recirculation of the filtrate the
capacity of the clarifiers was increased [20].
Table 2: Reported Results of Filtrate Flotation Clarification [20]
Sample
1
2
3
4

Purity
Turbidity Removal
Before After Rise
76.4
78.6 2.2
95%
75.6
78.1 2.5
96%
75.3
77.2 1.9
96%
76.3
78.6 2.3
96%
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Tong et al. [19] designed and tested a small flotation filtrate clarifier that consisted of a 60 cm
height and 35 cm diameter vessel. Their process is shown in Figure 3 and utilized clarifier that
had two V-type diverging channels where the filtrate was distributed through the bottom of the
clarifier and mud was collected at the top. Additionally, before the juice was separated,
phosphoric acid was dosed in a concentration of approximately 40 to 50 ppm and the pH
adjusted to 8.4. The results, which are summarized in Table 3 and were obtained at a laboratory
scale, suggested that when the quality of the clarified filtrate was compared against the clear
juice, both streams had a similar juice color. However, in terms of turbidity, the clear filtrate
almost doubled the turbidity of the clear juice. Nevertheless, according to the authors this
turbidity was acceptable and, in a potentially full scale application, the clear filtrate could be sent
forward in the process [19].

Figure 3: Flow Diagram of Filtrate Flotation Process [19]
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Table 3: Results of Flotation Treatment for Filtrate [19]
Measurement Clarified Filtrate Dorr Clear Juice
Flotation Time
2 minutes
Brix
12-15
15-17
Color
5200-6600
4000-6000
Turbidity
100-120
50-80

Similarly, Bento et al. [21], [26] tested an 11 gpm flotation pilot plant in Louisiana. The results,
which are shown in Table 4 and Table 5, indicate a true purity rise of 1.1 units, and a turbidity
removal achieved in the clarifier of 79%. Moreover, the average clear filtrate turbidity was 292
NTU, which is above a reference turbidity target of 180 NTU, but still acceptable when
compared to other studies [31]. Furthermore, the removal of magnesium and calcium achieved in
the clarifier was approximately 11% and 20%, respectively, which can help reduce scaling in
heat exchangers, evaporators and vacuum pans, and can also reduce the amount of final molasses
produced by the factory. However, the absence of heating and the residence time of the flotation
clarifier (20 minutes), may have promoted some microbial activity inside the clarifier, which was
reflected in the slight increase of the lactic acid concentration in the clear juice. Some authors
have suggested that the presence of 1 ppm of lactic acid represents the loss of 4 ppm of sucrose
in the process [32]. Finally, Bento et al. showed effectively the benefits that filtrate clarification
could bring to the process in general. However, the dosage of two different flocculants made the
process more complex, which can complicate its full scale implementation.
Table 4: Clarified Filtrate Analysis [21]

Filtrate
Juice
Clarified
Filtrate

Brix

True Purity
(%)

Fructose
(%)

Glucose
(%)

Color
(IU)

Turbidity
(NTU)

pH

9.3

87.6

1.77

2.19

14980

1396

6.9

10.6

88.7

2.08

2.26

12760

292

6.2

10

Table 5: Quality Comparison of the Juice before and after Clarification [21]

Filtrate
Juice
Clarified
Filtrate

Mg
(ppm)

Ca
(ppm)

Lactic acid
(ppm)

Aconitic acid
(ppm)

Sulphates
(ppm)

Phosphates
(ppm)

1740

3720

814

9970

3530

935

1540

2950

819

9678

3500

368

1.2.2. Filtrate Clarification by Settling
Filtrate clarification by settling is other alternative for the treatment of filtrate, which has also
been studied in the past and utilizes the same principle of the mixed juice clarifiers:
sedimentation [23], [24], [33], [34], [35], [36].
In general, the process consists in pumping the filtrate juice from the vacuum filters to a reaction
tank, where phosphoric acid is dosed to the juice to increase the phosphates concentration and
enhance the clarification [12], [37], [38]. After this step, which can be avoided if the
concentration of phosphates is adequate (200-300 ppm), milk of lime or calcium saccharate is
added to control the acidity of the filtrate and promote the formation of calcium phosphate. The
pH of the filtrate is usually adjusted between 7.0 to 7.8 units.
The effect of the addition of either calcium saccharate or milk of lime in the quality of the juice
are significantly different as reported by Doherty et al [12]; who showed that with the addition of
lime saccharate the turbidity of the juice was lower compared to the addition of milk of lime e.g.
27.9 turbidity units with lime saccharate compared to 62.3 with milk of lime (per 100 brix). This
effect is explained, mainly, due to the higher solubility of lime saccharate in sugar solutions
compared to the milk of lime; which gives a higher proportion of calcium ions readily available
to react with the inorganic phosphate. As a consequence, more calcium phosphate would be
precipitated, resulting in reduced amounts of phosphates in clear juice lowering the turbidity

11

[12]. On the other hand, with the addition of lime saccharate the juice formed larger and looser
flocs, which decreased the settling rates and generated higher mud levels in the clarifier.
Furthermore, the liming of the juice at different temperatures has a major effect on the
performance of the clarification operation [39], [40]. For example, when liming at 102 °C,
usually denominated hot liming, it was found that 27% less lime had to be added into the process
compared to cold liming (45 °C). Also, in hot liming it was found higher mud volumes, reduced
settling inside the clarifier and lower fouling in heaters, evaporators and vacuum pans compared
to cold liming.
Furthermore, the filtrate is heated to raise its temperature above boiling point, usually 102-104
°C, and then is flashed to remove the dissolved air and send the juice at a constant temperature to
the clarifier. Then the filtrate is sent to the clarifier where two phases are obtained: a clarified
filtrate, which is mixed with the clear juice or when the quality is not good enough returned to
the mixed juice tank [33], and a mud phase that is reprocessed in the filters.
In Table 6 the process conditions of the different reported assessments of filtrate clarification by
settling are summarized.
Table 6: Reported Process Conditions Filtrate Clarification by Settling

Casey [22]
Kwok [25]
Prasad et al. [23]
SUDECO[24]
Conijn [33]

Phosphoric
Acid Addition

Liming

Additional Heating
Requirements

No

No

Yes (90°C)

pH: 7.0-7.5

Yes (102 °C)

Yes (4-5 ppm)

Yes (104°C)
Yes (104°C)

Yes3
Yes (10 ppm)

Yes (40-50
ppm)
Yes1
No

2

Yes
pH: 7.8

1

Phosphoric acid concentration not reported.
pH not reported.
3
Flocculant concentration not reported.
2
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Flocculant
Addition
Yes
Anionic (1 ppm)
Cationic (2 ppm)

(Table 6 continued)

Gayle [34]
Gurumurthy
[35]
Sugar Tech
[36]

Phosphoric Acid
Addition
Yes1

pH: 7.3

Additional Heating
Requirements
Yes (96°C)

Flocculant
Addition
Not reported

Not reported

Yes2

Yes4

Yes3

Not reported

Not
reported

Not reported

Yes3

Liming

Casey [22] and Kwok [25] reported the application of filtrate clarification by combined settlingflotation technology in Barbados and Hawaii, respectively. The clarifier used during these trials
was designed by Kwok [25] and consisted in a 10 by 15 feet vessel with approximately 22
minutes residence time (400 gpm raw filtrate flow). Initially, the clarifier was designed as a
settling clarifier, but due to an unexpected behavior of the filtrate it was modified to remove the
muds through the top and bottom of the clarifier, and the clear filtrate through the center of it. An
image of the clarifier before and after modifications is shown in Figure 4. Furthermore, the
results are shown in Table 7 where the authors reported an average reduction in the clear juice
turbidity of 36.4% with the implementation of filtrate clarification. Nevertheless, the turbidity of
the clear filtrate showed to be higher than the clear juice, but it did not impacted negatively the
process probably due to the dilution that occurred when the clear filtrate was mixed with the
clear juice; which adjusted the turbidity to an acceptable value. Moreover, the suspended solids
removal achieved in the clarifier was almost 93% with a suspended solids concentration in the
clear filtrate that averaged 0.18 % (1800 ppm), which is high for a clear juice, but compared to
other studies it still within the expected values [18].

1

Phosphoric acid concentration not reported.
pH not reported.
3
Flocculant concentration not reported.
4
Heating temperature not reported.
2
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Figure 4: Settling-Flotation Clarifier Before and After Modifications [25]
Table 7: Flotation-Settling Clarifier Results [22]

Mean Clear Juice Turbidity
Mean reduction

Juice Purity MJ-CJ
Purity Rise
Juice Purity RF-CF
Purity Rise
Juice Purity MJ-CJ
Purity Rise
Suspended Solids
Mean reduction of suspended solids
Turbidity
Mean reduction of turbidity

With Filtrate
Clarification
0.056

Without Filtrate
Clarification
0.088

36.4 %
Purities of juices with filtrate clarification
Mixed Juice
Clear Juice
89.13
90.23
1.10
Raw Filtrate
Clarified Filtrate
81.47
83.09
1.62
Purities of Juice without Filtrate Clarification
89.30
89.83
0.53
Raw Filtrate
Clarified Filtrate
2.77%
0.18%
93.5%
Raw Filtrate
Clarified Filtrate
21.85
0.534
97.6%

Similarly, one of the most recent studies on filtrate clarification was reported by Prasad et al.
[23]. The project was built in Uganda and consisted in a 20 m3 vessel that handled an 18 m3/h
flow of filtrate with a one hour retention time. The process conditions are summarized in Table 6
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and the results shown in Table 8, where the clear filtrate turbidity was 84% lower than the clear
juice turbidity allowing the clear filtrate to be sent directly to the clarifiers. Furthermore, the
authors reported that the filtrate clarifier performed well under unfavorable weather conditions,
where the poor retention of the filters did not affect the consistency of the muds obtained in the
clarifier. Finally, Prasad et al. presented an economic analysis of the filtrate clarification station
finding that the project was completely paid after 1 year of operation, based on a 0.02% recovery
increase.
Table 8: Reported Results of Analyses of Clear Juice and Filtrate [23]
Mixed Filtrate
Brix Pol Purity Turb.
(%) (%)
(%)
(FAU)
8.96 7.21 80.59 39755

Clear Filtrate
Brix Pol Purity Turb.
(%) (%)
(%)
(FAU)
8.95 7.35 82.37
547

Clear Juice
Brix
Pol Purity Turb.
(%)
(%)
(%) (FAU)
14.81 12.70 85.77 3575

SUDECO [24], a British design company, offers in the market a settling filtrate clarifier. The
process is similar to the ones described before, with the difference that it includes sulfitation
[41]; which is a process to remove color from the juice and is extensively applied outside the
United States to produce Blanco Directo sugar, which is for direct consumption and has a color
that varies between 100 to 200 IU [2]. The process proposed by SUDECO is depicted in Figure
5. Unfortunately, this company does not provide the characteristics of the equipment utilized for
filtrate clarification, but some of the operating conditions are summarized in Table 6. Moreover,
some of the advantages they report are: clarified filtrate regularly taken to the evaporators,
clarified filtrate juice with 3 to 4 units of purity rise, increase in the existing clarification house
capacity by 20 to 25%, improvement in performance and capacity of vacuum filters, reduction in
color imparting degradation products, reduction in calcium oxide content, reduced risk of
microbial sucrose inversion in the main clarifier and, less risk of sugar destruction. Nevertheless,
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we differ with many of the advantages by this company. For example, a purity rise of 3-5 units it
is difficult to obtain, and as it has been discussed earlier apparent purity measurements can be
misleading and should not be used to assess the clarifier performance [29], [42]. Additionally,
although the performance of the filter station may be improved due to the increased porosity and
compact nature of the muds when avoiding the recirculation of the filtrate [2], [33], the capacity
of the filters would not increase. Recall, that one of the advantages of filtrate clarification is that
the sugar factory can increase from 15 to 20% its clarification capacity that can lead to a higher
crushing rate; therefore, the whole capacity of the filters will be required. Finally, a reduction of
the calcium oxide content will depends only in the liming technique, as it was discussed earlier.

Figure 5: Filtrate Clarification Process by SUDECO [24]
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Conijn [33] reported the implementation of filtrate clarification by settling at a South African
Sugar Mill using a clarifier of approximately 55.5 m3. Unfortunately, neither the grinding rate
nor the raw filtrate flow to the clarifier was provided, therefore it was not possible to calculate
the retention time of this settler. The process is shown in Figure 6 and comparing it to others this
one mixed the clear filtrate with the mixed juice, instead of forwarding the clear filtrate to the
evaporators. However, Conijn reported that this practice brought advantages to the process like
improving the settling rate of the main clarifiers due to the dilution that occurred when the two
streams were combined. Moreover, other results obtained during the trials are shown in Table 9,
where it can be observed a purity rise is of almost 10 points; which accounted for almost 60% of
non-sugars removal, but according to the author the brix measurement was not reliable and could
have affected the apparent purity calculation. Furthermore, as we discussed earlier, the apparent
purity should not be used to assess the clarifier performance [29]. Finally, the inverts to sucrose
ratio showed a drop in the measurement between the raw filtrate and the clarified filtrate during
the trials; this situation can be associated to destruction of reducing sugars due to the excessive
lime addition during the process. These reactions are commonly denominated as Alkaline
Degradation Products of Fructose (ADFs) and lead to further formation of color in the juice [43].
Table 9: Results on Filtrate Clarification [33]
Filtrate Juice Clarified Filtrate
Brix
9.55
8.95
Sucrose
6.75
7.26
Purity
70.7
81.1
% Reducing Sugars
0.337
0.24
Inverts to Sucrose Ratio
4.99
3.31
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Figure 6: Process Reported by Conijn [33]
Gayle [34] was one of the first to propose filtrate clarification as an alternative to avoid the
recirculation of this stream and tested this process in Louisiana5. A Graveret clarifier was used
for this application and consisted in a 34.8 m3 vessel with a flow capacity of 6.8 m3 per hour. The
retention time of this clarifier was almost 5 hours and during the process there was evidence of
destruction of reducing sugars indicated by a drop observed in the inverts to sucrose ratio
between the filtrate and clear filtrate. However, according to Gayle, the turbidity of the juice was
comparable and in certain cases better than the clear juice from their main clarifiers.
Furthermore, other benefits that the implementation of filtrate clarification brought to their
process were: it helped to keep the mud level of the main clarifier at a minimum height, even

5

Valentine Sugar Mill, Lockport, Louisiana
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during periods of heavy rain. Additionally, by discontinuing the recirculation there was a
substantial increase in the capacity of the main clarifiers; the filter cake could be washed more
thoroughly because the filtrate juice volume, no longer being recirculated, was not a factor in the
clarifier capacity. Moreover, the quality of the clarified filtrate was good enough to be pumped
directly to the evaporators during the whole grinding season. Interestingly, the fluctuations in pH
did not affect the clarified filtrate quality; but it was more sensitive to temperature variations.
Finally, the sucrose content of the clarifier underflow was on average 7.5% therefore, the muds
were returned back to the filter station to recover the entrained sugar.
The application of filtrate clarification has been reported in India [35]. Unfortunately, the process
conditions were not provided by the author as shown in Table 6; which makes difficult to
compare the differences with other processes. However, the results of their study are shown in
Table 10 and table 11 and show a slight improvement, almost 0.5 units, in the purity rise of the
main clarifier when the filtrate clarification pilot plant was in operation; which demonstrates, in
certain way, that by avoiding the non-sugars recirculation the overall performance of the factory
can be improved. Moreover, the authors reported a purity rise of up to 3 units between the filtrate
and clear filtrate, but this value should only be considered a reference and not as a true
assessment of the clarification operation [29]. Finally, table 11 shows an average color reduction
between the raw and clear filtrate of approximately 10%. However, even though we can expect a
small reduction in the color of the juice after clarification it is a secondary goal of the operation.
The insoluble matter removed during the process was reported to be as high as 99.8%.
Unfortunately, the author neither reported the suspended solids concentration nor the turbidity of
the clear juice which would have been very useful to assess the clarifier performance with other
studies.
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Table 10: Purity Rise from Mixed Juice to Clear Juice [35]
Mixed juice
without FCS
76.8
76.85
76.90
76.96
76.99
76.96
76.96
76.95

Mixed juice
with FCS
76.58
76.55
76.59
76.79
76.79
76.60
76.4
76.15

Clear juice
without FCS
77.36
77.44
77.49
77.54
77.57
77.46
77.60
77.52

Clear juice
with FCS
77.49
77.53
77.55
77.65
77.81
76.52
77.29
77.15

Purity rise
without FCS
0.56
0.59
0.59
0.58
0.58
0.50
0.64
0.57

Purity rise
with FCS
0.91
0.98
0.96
0.86
1.02
0.92
0.89
1.00

Table 11: Purity Rise from Filtrate to Clarified Filtrate and Color [35]
Filtrate purity
72.96
72.29
72.34
72.53
72.46
72.31
72.20
72.24
72.22

Clarified filtrate
purity
75.21
74.45
74.98
75.11
75.71
74.74
74.35
74.34
74.74

Rise in purity

Filtrate color

2.25
2.16
2.64
2.58
3.25
2.43
2.15
2.10
2.52

14,970
15,120
14,687
14,940
15,170
16,024
16,467
16,420
16,898

Clarified filtrate
color
13,371
13,730
13,401
13,830
13,899
14,524
14,646
14,697
14,983

Lastly, Bhagat [36] reported the implementation of filtrate clarifiers in China with very low
residence time, close to 10 minutes. Commonly, the clarifiers installed around the world have a
residence time that can vary between 30 minutes to 2 hours. A clarifier with very low residence
time can lead to less degradation of sucrose in the juice and less color generation [44], [45], [46].
Unfortunately, in this short communication neither the technology of the clarifier and its
characteristics were explained nor the clarification process or equipment used to address this
task. Bhagat [36] reported that more than 10 clarifiers of this type are in operation in the industry
and from the different assessments it has been observed an apparent purity rise between the clear
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and the raw filtrate of almost 2 points, with a clear filtrate turbidity comparable to the turbidity of
the clear juice.
Finally, there have been several attempts to avoid the recirculation of the filtrate through the
application of clarification. However, the long residence times of the clarifier, the complexity of
the processes, the cost of implementation, and the fact that in many cases, filtrate clarification
has been only tested in a small scale or the information available is very limited are issues that
still need to be overcome in order to increase the popularity of this technology.
1.3. Types of Clarifiers
After the juice has undergone the treatment necessary for clarification e.g. heating, liming and
flashing, it must be allowed to settle in order to separate the clarified filtrate or clear juice from
the precipitate or mud in the body of the juice. The juice is separated from the mud in a
continuous settler that can be either of two types Multi-Tray or Short Retention Time clarifiers.
The characteristics, advantages and disadvantages of each type of clarifier will be discussed
below. Flotation clarifiers which have also been used in filtrate clarification will not be
described, since we will focus only in clarification by settling. However, the characteristics,
efficiency and operation of these clarifiers can be found elsewhere [41], [47].
1.3.1. Multi-Tray Clarifiers
The most popular settlers in the sugar industry, before the arrival of the flocculants, were the
Multi-Tray type clarifiers e.g. Dorr, Rapidorr, ATV, Bach and Graver [2]. In general, the MultiTray clarifier design contains several compartments which main objective is to increase the area
to enhance the mud settling. Basically, the reported volumetric capacities of these clarifiers are in
the order of 2.0-4.5 m3/TCH [2], [48] with juice residence times of almost 3 hours to settle very
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light flocs [2]. However, long residence time clarifiers are prone higher sugar losses as shown in
Table 12, where Vukov’s equation has been used to calculate sucrose inversion in clarifiers with
different residence times and pH values [44]. Nevertheless, these clarifiers are still quite popular,
particularly in the Louisiana Sugar Industry, due to their robustness to handle sudden process
changes and variations in the juice quality.
Table 12: Sucrose Inversion Losses in Clarifiers (% Inverts)
Residence Time Clarified Juice pH
(Minutes)
(pH at 20 °C)
6.7 7.0
7.3
180
0.83 0.42 0.21
40
0.19 0.09 0.05
30
0.14 0.07 0.04
15
0.07 0.04 0.02
7
0.03 0.02 0.01

From all the Multi-Tray clarifiers, the Dorr Clarifier is one of the most utilized settlers in the
industry. It consists in a large cylindrical tank with a central shaft provided with scrapers that
rotates at low speed (12 revolutions per hour). The scrapers convey the mud to the bottom of
each compartment where it is withdrawn. The mixed juice that enters tangentially at the top of
the tank arrives to a flocculation chamber where a part of the mud rises to the surface and a
scraper removes it. After this, the incoming juice passes from a central tube into the different
compartments, where the juice is clarified, through the annular duct in the center of the vessel.
The clear juice is drawn off from each compartment by pipes at the upper part of each section
[2], [3]. Figure 7 shows a sketch of the Dorr Clarifier.
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Figure 7: The Dorr Clarifier [2]
Similarly, the Graver clarifier is another type of Multi-Tray settler that is analogous to the Dorr
with slight differences. In this design, the muds move down at the periphery, therefore, the
settling area of the compartment is to some extent smaller than the cross section of the clarifier.
The clear juice draw off is located near the center of the trays at the point of greatest juice
velocity and the juice must pass through the falling mud causing an effect denominated Upward
Mud Filtration; that was claimed to give improved juice quality [3]. Figure 8 shows an image of
the graver clarifier.
The Rapidorr Clarifier is another type of multi-tray settler widely used in the South African
Sugar Industry. This clarifier usually has 4 compartments each with its own clear juice and mud
outlets as shown in Figure 9 [2]. Interestingly, the Rapidorr clarifier capacities have been
reduced considerably from 3.10 to almost 1.5 m3/TCH due to a reduction in the residence times,
from approximately 2 hours to 1.1 hours, that were made possible due to simple modifications to
the clarifier design; like addition of juice inlet baffles to reduce the juice disturbance and adding
more juice off-takes to withdraw the liquid uniformly [49]. The effect of these modifications
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were analyzed using Computational Fluid Dynamics that simulated the flow patterns at the
interior of the clarifier [50], [51]. As mentioned before, the Rapidorr is divided into four
compartments with inlet and outlets arranged in every compartment that allows the settler to
work as an four independent clarifiers [52]. Therefore, during the simulations, a simplification to
the model was to simulate only one compartment of the clarifier. Moreover, in order to improve
the performance of the clarifier the use of deflectors in different positions of the compartment
was studied. The behavior of the clarifier, before and after the modifications, and the position of
the different deflectors are shown in Figure 10. From the image, it is evident that the clarifier has
several recirculation areas that remain present even after the positioning the new deflectors.
Unfortunately, these internal recirculation patterns bring low efficiency to the clarification
operation e.g. higher residence times inside the settlers, sucrose inversion, color generation,
instability of the juice-mud interface.

Figure 8: The Graver Clarifier [4]
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Figure 9: The Rapidorr Clarifier [2]

Figure 10: Flow Profiles in Rapidorr 444 Clarifier [50]. A) Flow pattern without modifications
B) Possible Deflector Positions C) Flow Performance with Deflector Position B and A D) Flow
Performance with Deflector position A, B and E.
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1.3.2. Short Retention Time Clarifiers
The Short Retention Time Clarifier or Rapid Clarifier is a single tray settler characterized by a
short retention time that usually ranges between 20 to 45 minutes [2]. The first generation of
these type clarifiers was developed in the seventies by the Sugar Research Institute (SRI) and it
has become one of the most popular clarifiers in the industry [2], [48]. Similarly, the Audubon
Sugar Institute (ASI) recently developed a clarifier with Turbulence Reduction Devices (TRD),
called the Louisiana Low Turbulence Clarifier (LLT), which has shown a better performance,
lower residence times and less cost of implementation compared to other clarifiers [31], [53].
The SRI clarifier is the most popular clarifier in the cane sugar industry. It was developed by the
Sugar Research Institute in Australia and its design is based on the concept of introducing
quiescent flow through multiple feed openings and withdrawing the overflow through the entire
surface area with minimum retention time. This design decreases the horizontal distance to be
traveled by primary feed layer reducing cross flow [54]. Additionally, one of the advantages of
the SRI clarifier is that the cost of implementation and maintenance, which is lower than any
multi-tray type clarifier that handles the same flow rate [2]. However, the SRI clarifier is less
robust to any perturbation of the process compared to the multi-tray settlers [55]. Therefore, the
temperature of the juice, the pH and the flocculant addition require a tight control to guarantee
good clarification [56]. Figure 11 shows a sketch of the SRI clarifier.
The operation of the SRI clarifier consists in conveying the juice from the flash tank into a feed
chamber, then, the juice is divided and directed to a feed launder where the juice overflows to
feed wells and is deflected laterally into the separation region of the vessel [2]. Finally, the
clarified juice overflows into take-off launders that are located inside and outside the feed
system.
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Figure 11: The SRI Clarifier [54]
Moreover, the performance of the SRI Clarifier has been improved significantly through the
application of CFD. When the first SRI clarifier was tested in the 1970’s its performance was
better, in terms of turbidity and retention time, compared to the multi-tray clarifiers, but not
sufficient. Therefore, the designers simulated the clarifier operation observing the presence of
several internal recirculations that were slowing down the settling rates in the clarifier as shown
in Figure 12. Numerous modifications were tested both computationally and experimentally,
leading to an increase in the gap between the feed well and the deflector, and the addition of
baffles in the juice take-offs; which improved the clarifier’s performance and reduced the
recirculation patterns as shown in Figure 13 [54], [57].
The new generation of SRI clarifiers offers several advantages to the process like: high
throughput per unit volume of installed capacity, reduced floor space and maintenance compared
to multi-tray type clarifiers and low retention time of the juice. Nevertheless, retrofitting
applications are limited [30].
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Figure 12: Flow Patterns in the First Generation of SRI Clarifier simulated using CFD [54]

Figure 13: Modified SRI Clarifier Flow Patterns Simulated Through CFD [57]
Even though the cost of implementation of the SRI clarifier is lower compared to a multi-tray
clarifier; its cost still high for industries were the harvesting season is short and the revenues are
not as high as in other cane industries. Therefore, the Audubon Sugar Institute has developed the
LLT Clarifier that has shown a good performance, in terms of residence time and turbidity,
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compared to other clarifiers, with reduced cost of implementation and suitable for retrofitting
applications [30], [31], [53].
The LLT principle is based in a uniform pathway for the juice inlet, which evenly distributes the
juice to several end-points uniformly positioned around the cross sectional area of the clarifier.
After this, the juice reaches the end-point of the pipe where a Turbulence Reduction Device
(TRD) is installed and reduces the turbulent eddies present in the juice by dissipating the
momentum as shown in Figure 14.

Figure 14: CFD Simulation of the Turbulence Reduction Device (TRD) [31]
The differences between a feed well with and without a TRD can be observed in Figure 15 and
Figure 16, respectively. In the first image a turbulent pattern and a not even distribution of the
flow can be observed. This pattern is what it can be expected in the different Multi-Tray and
SRT clarifiers. On the contrary, when the TRD technology is utilized (Figure 16) the turbulence
is significantly reduced and the distribution of the flow is uniform, which maximizes the
clarifier’s settling area and enhances the clarification [30].
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Since it first trials during the 2009 harvest season the LLT has shown a good performance
compared to other clarifiers. For example, in terms of turbidity the LLT obtained lower
turbidities compared to a SRT clarifier during the 2010 harvest season as shown in Figure 17
[31].

Figure 15: Injection of a Dye into a Water Tank without TRD [30]

Figure 16: Injection of a Dye into a Water Tank with TRD [30]
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Figure 17: Comparison of the Performance of the LLT Clarifier vs. the SRI Clarifier [31]
Narendranath et al. [53] reported the cost of implementation of the LLT clarifier in the Andhra
Sugars and compared to the cost of a Graver and SRI clarifiers in the same factory. The results
suggest that the LLT could be up to 56% or 54% less expensive than a Graver or SRI clarifier,
respectively. The information of this study is summarized in Table 13.
Table 13: Cost of Implementation of the Graver, SRI and LLT Clarifier
Description
Capacity
(tons of cane/day)
Dimensions (m)
Retention time
(minutes)
Total weight (kg)
Total cost including
foundation (USD)

Graver

SRI New Generation

LLT

6000

6000

6000

Diameter:10.5
Height:8.0

Diameter:8.5
Height: 4.0

Diameter:8.5
Height: 3.25

135

45

37

72,000

39,000

26,000

164,462

157,850

72,502

31

Furthermore, the assessment of the LLT clarifier at Andhra Sugars also indicated that LLT was
energetically highly efficient and delivered a clear juice to the evaporators with a temperature
3°C higher than the Graver clarifier that was operating in parallel. This achievement represented
to the factory a 1,300 tons surplus of bagasse per every 500,000 tons of cane crushed that were
readily available for cogeneration purposes. Moreover, an estimation of the reduction of sucrose
inversion achieved in the factory, suggested that almost $20,268 dollars per every 100,000 tons
of cane crushed were earned thanks to the short residence time of the LLT clarifier [53].
Finally, the LLT clarifier is a reliable and low cost alternative to replace the high retention time
clarifiers that are used in Louisiana and around the world. This technology is very versatile,
suitable for retrofitting applications and provides a very good juice quality. Last but not least, the
TRD technology developed in the Audubon Sugar Institute opens the possibility of achieving
very short residence times (10 minutes or less), which can be attractive for a filtrate clarification
application and will be addressed in the present work.
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2. Materials and Methods
This project investigates the feasibility of developing a very short residence time filtrate clarifier
using the TRD technology. The process and equipment design, as well as, the sampling methods
used to assess the performance of the pilot plant will be discussed in the following document.
2.1. Filtrate Clarification Process Design and Description
The main goal of the project was to design a fully scalable process that could reproduce the
factory conditions. Therefore, a process that could treat up to 23m3/h (100 gpm) of filtrate was
designed. Another goal of the project was to analyze the viability of designing a Very Short
Retention Time Clarifier (VSRT) that could operate at a shorter residence time than the clarifiers
that are currently operating in the industry. Hence, a settler with approximately 7 minutes
residence time in clear juice was designed using the TRD technology.
The process diagram is shown in Figure 18 and consists in over-heating the filtrate in a heat
exchanger (E-101) to a temperature of approximately 103°C (218 °F) with exhaust steam of
approximately 184.1 kPa (26.7 psia) and 117.7 °C (243.8°F). After this, lime saccharate (V-101)
is added to the juice, using hot liming, in order to adjust its pH to approximately 7.4-7.8 units.
Then, the overheated filtrate is degassed in a flash tank (FH-101) to remove all the noncondensable gases and to send the juice to the clarifier at a constant temperature of 100 °C (212
°F). Then, a flocculant (MAGNAFLOC LT340), which is prepared by the factory in a
concentration of 0.2%, will be dosed to the juice in a concentration of 4 to 6 ppm using a
metering pump (P-102) at a rate of 12 to 18 gallons per hour. Additionally, the flocculant is
stored in a 30 gallons vessel (V-102) that guarantees stock for at least 2 hours. Finally, the juice
will be directed to the VSRT (C-101) where the juice is separated. After sampling, the clear

33

filtrate and the mud are sent back to the mixed juice tank due to the experimental nature of the
project. Table 14 provides additional details of the equipment used in the pilot plant.
This project was implemented and tested at Alma Plantation Mill during the 2012 harvest season.
Alma Plantation Mill crushes approximately 15600 tons of cane per day and, as discussed
previously, the average amount of filtrate produced in a sugar mill is 15 to 20% cane; hence, the
amount of filtrate generated in Alma is roughly 429 to 572 gallons per minute. This pilot plant is
able to process 17 to 23% of the total filtrate produced by the factory reproducing the real
conditions of the factory.
Table 14: Specifications of the Equipment for the Filtrate Clarification Process
Code

Type

Description

C-101

Filtrate Juice Clarifier

Cylinder Diameter: 1.43 m, Cylinder Height: 1.4 m;
Cone height: 0.65 m

E-101

Plate Heat Exchanger

FH-101

Flash Tank

P-101
P-102

Milk of Lime Metering
Pump
Flocculant Metering
Pump

P-103

Centrifugal Pump

T-101

Steam Trap

V-101
V-102

Milk of lime tank
Flocculant storage tank

9 m2 surface area, Alfa Laval Plate Heat Exchanger.
Diameter of Flash Tank (m): 0.63 m
Diameter of Vapor Outlet (m): 0.1 m
1.9 liter/hour Pulsafeeder Metering PUMP
75.5 liter/hour Pulsafeeder Metering Pump
2.66 m3/h (11.71 gpm) Tri-Clover Centrifugal
Pump
Velan Steam Trap Steam Conditions: 15 psig
saturated steam
52 gal tank with agitation
30 gal tank (0.2% Flocculant Solution)
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Figure 18: Proposed Filtrate Clarification P&ID
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2.2. Equipment Design, Sizing and Selection
In Table 14 some details of the equipment used in the process were shown. In the following
subsections the calculations and additional specifications of the equipment utilized to operate the
pilot plant are provided.
2.2.1. Heat Exchanger Sizing and Selection
Before the juice is sent to the clarifier it is overheated to a temperature of approximately 103 °C
(218 °F) and then flashed. The heating operation was carried out using an Alfa Laval Plate Heat
Exchanger model M10-MFG with approximately 9 m2 of surface area and a 4 mm gap between
plates. The heating media was exhaust steam of approximately 117 °C (243.8 °F) and 184.09 kPa
(26.7psia). Additional details of the heat exchanger design and sizing are provided in Table 15.
Table 15: Heat Exchanger Specifications
Fluid
Steam Side Filtrate
Mass Flow Rate (ton/h)
1.3
23.7
Inlet Temperature (°C)
117.7
60
Outlet Temperature (°C)
117.2
103
Operating Pressure (kPa)
184.1
2
Heat Transfer Coefficient (W/m °C)
4791.5/3180.5
Number of Plates
41
Number of passes
1
2

The heat exchanger had a 4 mm gap between plates which was very small and prone to be
obstructed by the bagacillo that comes with the juice. To reduce the plugging and fouling in the
heat exchanger we implemented a back-flush system using four manual valves that reverse the
flow in the heat exchanger cleaning it while in operation. The system can be observed in Figure
19 and also helped to reduce fouling in the heat exchanger.
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Figure 19: Back-Flush System
2.2.2. Flash Tank Design
In the process a flash tank is often employed for removing the non-condensable gases and
assuring a constant temperature of the juice. In the sugar industry, there are two types of flash
tanks are commonly used, Type A and Type B [2].
The Type A flash tank is a vessel that runs largely empty, in order to provide sufficient volume
in the tank for the complete degasification of juice. However, the diameter of the tank is
calculated in a way that guarantees that the upward vapor velocities are low enough to minimize
juice droplets entrained by the vapor and has an adequately sized outlet that, theoretically, does
not re-entrain air into the flashed juice [2], [58].
In comparison, the Type B flash tank holds a level of liquid while in operation that avoids the reentrainment of non-condensable gases to the juice. However, the drawback of this design is that
it occupies more space than a Type A flash tank of comparable capacity. Moreover, the diameter
of this flash tank is large enough to slow down the downward liquid velocity and permit the air
bubbles to escape upwards against the flow of liquid. Also, the level of the flash remains
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constant during the operation because it is positioned at the same elevation of the clarifier
overflow [2]. Figure 20 shows the two types of flash tanks used in the cane sugar industry.

Figure 20: Types of Flash Tanks Used in the Cane Sugar Industry [2]
For the pilot plant we designed a flash tank that holds a constant liquid level similar to the type B
flash tank. However, additional to the liquid level we have added a vortex breaker at the bottom
of the flash tank that will avoid vortices formation caused by the pipe suction, which can reentrain the air. Table 16 summarizes some calculations and dimensions of the flash tank and
Figure 21 illustrates the position of the flash tank relative to the overflow of the clarifier.
During the development of the project, we devised a new flashing device for clarification
applications. The design consists in a degassing trough positioned around the clarifier at the
same level of the clarifiers overflow. This condition will keep a level of liquid inside this
degassing chamber similar to Type B flash tank, where no air can be entrained after the juice has
been degassed. The removal of the non-condensable gases will be done through several venting
pipes on top of the degassing trough as shown in Figure 22 and Figure 23.
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Table 16: Flash Tank Characteristics and Dimensions
Flow Rate (m3/h)
22.6
Inlet Temperature (°C)
103.9
3
Vapor Flow Rate (m /h)
275.0
3
Flashed Juice Flow Rate (m /h) 22.0
Outlet Temperature (°C)
100
Diameter of the Flash Tank (m) 0.63
Diameter Vapor Outlet (m)
0.11

The main advantages of this degassing trough are that it will provide more degassing area and
less foot print, compared to the other flash tanks utilized in the industry. Additionally, it will also
merge the flashing and clarification operations in one single unit, which simplifies the process
and guarantees a proper degasification of the liquid without air entrainment. Finally, this design
was successfully tested at The Andhra Sugars Limited in India and its patent pending with the
serial number PCT/US2013/042137 filed on May 22, 2013.

Level of the flash
Level of the Clarifier
Full of Juice

Figure 21: Flash Tank Dimensions
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Figure 22: Side View of the Degassing Trough Surrounding the Clarifier6

Figure 23: Top View of the Degassing Trough Surrounding the Clarifier

6

Design is patent pending with application serial number PCT/US2013/042137 filed on May 22,
2013.
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2.2.3. Design of a Very Short Retention Time Clarifier
After the juice has been flashed it is sent to a clarifier where the juice is separated and two
phases are obtained: a clear juice and a mud phase. The Very Short Retention Time clarifier
(VSRT) of our pilot plant has been sized to have a clear juice residence time of approximately 7
minutes with a flow rate of approximately 23m3/h (100 gpm). To achieve such residence time,
which is the shortest reported in the industry, the clarifier was equipped with a Turbulence
Reduction Device (TRD) that virtually eliminates turbulent eddies enhancing the clarification
operation [30].
To size the shell of the clarifier we have used equations 1 to 3 that have been taken from the
book by Rein [2]. The volume of the clarifier was calculated using equation 1, which is the
relationship between the clear juice residence time (  cl ), which is 7 minutes, the volume of the
clarifier (V), the muds fraction in the clarifier (qmud) and the flow rate of the clear filtrate (Vcl),
which value is taken from the clarifier’s insoluble solids mass balance shown in Table 17.

 cl V 

1  q mud
.

(1)

V cl

Table 17: Insoluble Solids Mass Balance
Filtrate Clear Filtrate Mud
Flow Rate (t/h)
23
20.5
2.5
Insoluble Solids (%)
1.14
0.064
10
Removal of Insoluble Solids (%)
95.5
Juice Density (kg/m3)
997

Similarly, using the mass balance in Table 17 and equation 2 the muds residence time was
calculated, where Equation 2 is the relationship between the mud residence time (  mud ), the
clarifier’s volume (V), the mud fraction (qmud) and the mud flow rate (Vuf). Coupling equation 1
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and 2 and setting the muds volume fraction (qmud) to 0.2 we find that the mud residence time
almost doubles the clear juice residence time.

 mud V 

q mud
.

(2)

V uf

To calculate the settling area of the clarifier, equation 3 is usually used for this purpose in short
retention time clarifiers; where (u0) accounts for the settling velocity in the clarifier and (Vcj) is
the clear juice flow rate. For this design, we have assumed a settling velocity of 480 mm/min
which is within the range when compared to different studies performed by Steindl et al. and
summarized in Figure 24 [16], [55].
.

V cj
A  33.3 
u0

Figure 24: Terminal Settling Velocities for a Range of Flocculated Mud Particles Sizes and
Flocculant Concentrations [55]
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(3)

Table 18 summarizes the input parameters for equations 1 to 3, the results and dimensions of the
clarifier. However, to speed up the construction of the filtrate clarification pilot plant we adapted
and reused a stainless steel clarifier that was part of the former Audubon Sugar Factory and was
close to our specifications. An image of the filtrate clarification pilot plant built in Alma
Plantation Ltd. is shown in Figure 25 and the specifications of the retrofitted clarifier are
summarized in Table 19.
Table 18: Design Parameters for the VSRT
Clear Juice Flow (t/h)
Clear Juice Density (kg/m3)
Volumetric Flow Rate (m3/h)
Volumetric Mud Rate (m3/h)
Working Mud Volume (%)
Clear Filtrate Juice Residence Time (min)
Clarifier Volume (m3)
Mud Residence Time (min)
Mud Residence / Clear Juice Residence
Assumed Sedimentation Velocities (mm/min)
Clarifier Cross Sectional Area (m2)
Diameter (m)
Cylinder Height (m)
Cone Height (m)

20.5
997
20.6
2.7
20
7
3.0
13.5
1.9
480
1.43
1.35
1.68
1.26

It is important to mention that for simplicity, we did not provide a raking mechanism to remove
the mud from the clarifier; instead, the muds were withdrawn by gravity, thanks to the steep
angle in the conical section of the clarifier coupled with centrifugal pump connected to the muds
outlet that sent the muds back to the process. Additionally, the juice feed was handled with one
TRD with a flow capacity of 100 gpm and the clear was withdrawn from the clarifier through a
V-shaped trough as shown in Figure 26.
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Figure 25: Filtrate Clarification Pilot Plant Constructed at Alma Plantation Mill
Table 19: Specifications of the Retrofitted Clarifier
Clarifier Volume (m3)
Clarifier Cross Sectional Area (m2)
Diameter (m)
Cylinder Height (m)
Cone Height (m)
Clear Juice Residence Time (min)
Mud Residence Time (min)

2.6
1.61
1.43
1.40
0.65
6.1
11.6

Figure 26: TRD and Overflow Trough in the Clarifier
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2.3. Sampling and Analytical Methods
The assessment of the pilot plant operation was based in an experimental design that consisted in
three treatments where we varied the flow rate of filtrate fed to the pilot plant and the flocculant
dose added to the juice. The three treatments we evaluated were: filtrate flow rate of 40 gpm and
flocculant dose of 4 ppm, filtrate flow rate of 60 gpm and a flocculant dose of 4 ppm and 60 gpm
and a flocculant dose of 6 ppm. For simplicity we will denominate these treatments as T1, T2
and T3, respectively.
These three treatments where selected after determining the maximum amount of juice that could
be sent to the pilot plant and the flocculant dose that led to a low turbidity of the juice and a fast
settling rate of the mud. The maximum filtrate flow rate we were able to get from the factory was
60 gpm due to some limitations with the juice supply that were out of our control. Furthermore,
to test the performance of the clarifier at an intermediate flow rate 40 gpm was chosen. The
flocculant doses were selected from the results of a series of batch settling tests conducted in the
laboratory, prior to the commissioning of the pilot plant; which suggested that 4 and 6 ppm could
lead to a low turbidity and a fast settling rate, respectively. The results of these experiments will
be discussed in more detail later in this document.
Furthermore, we registered the process variables and analyzed juice samples obtained from the
pilot plant, the main clarifiers and on site batch settling tests to control and assess the
performance of the VSRT. The process variables registered during the operations are shown in
Table 20 and were for the steam and filtrate conditions flowing through the pilot plant. Each
treatment lasted one hour after achieving the steady state of the clarifier and the variables were
registered in 10 minutes intervals. Moreover, juice samples were collected and analyzed from
different parts of the pilot plant and the factory to assess and compare the performance of the
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VSRT. In the case of the pilot plant, we gathered samples of the filtrate, the clear filtrate and
from four different levels of the clarifier (Level 1 to Level 4) positioned lengthwise with
approximately 30.5 cm (1 foot) separation from each other. A batch settling test was performed
every time we were running the pilot plant to set a turbidity target and compare the VSRT
operation with this test. In addition, clear juice samples were also collected from the factory’s
clarifiers to compare the quality of the clear filtrate and the clear juice. The sampling was
conducted every 10 minutes and at the end of each experiment a composite was made to perform
the different analyses shown in Table 21.
Table 20: Process Variables Measured Registered
Steam Side
Juice Side
Pressure
Flow Rate
Temperature
Flow Pressure
Filtrate Temperature Before Heating
Filtrate Temperature After Heating
Flashed Juice Temperature
Temperature Inside the Clarifier
Clear Juice Temperature

The measurements taken for each sample are shown in Table 21 and were the turbidity, brix, pH,
polarization (apparent sucrose), color, phosphates, suspended solids, sucrose, glucose and
fructose using a high performance chromatograph (HPLC); and the settling rate. The majority of
the analyses were done on site in order to guarantee that the measurements were made with fresh
samples. Nevertheless, the suspended solids, color and HPLC analyses were performed in
Audubon Sugar Institute. To preserve the samples they were frozen using dry ice and then stored
in a freezer until analyzed.
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Table 21: Sources and Sample Analyses for Filtrate Clarification

X

X

X

App.
Sucrose
X

X

X

X

X

X

X

X

Turbidity RDS pH
Filtrate
Clear
Filtrate
Clear
Juice
Batch
Settling
Test
Level 1
Level 2
Level 3
Level 4

X

X

X

Susp.
Solids
X

X

X

X

X

HPLC Color Phosphates

X

Settling
Rate

X

X
X
X
X

2.3.1. Turbidity Measurement
Turbidity is the optical property of a sample fluid arising from the interaction of light and
insoluble particles. It is usually measured in terms of the ratio of intensity of the scattered light to
that of the transmitted light or by measuring absorbance using a turbidimeter or a
spectrophotometer, respectively. However, it is important to mention that the way the sample
interacts with the light will vary depending on the size, shape and composition of the particles, as
well as the wave length of the incident light; therefore, it can’t be used as a quantitative measure
of the suspended solids in a solution, but rather give an indication of the efficiency of the
clarification process [4], [59], [60], [61].
Several methods exist to measure turbidity, the official one, approved by the International
Commission for Uniform Methods of Sugar Analysis (ICUMSA) is the method GS7-21 that
measures turbidity by absorbance using a wavelength of 900 nm. This wavelength is selected in
order to reduce any interference from the color of the juice [59], [60]. The Louisiana Sugar
Industry has no standard method for measuring turbidity. However, the most popular one is
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measuring turbidity using the nephelometric principle of turbidity as stated in the method 180.1
of the United States Environmental Protection Agency [62]. During the trials, turbidity was
measured using the Hach 2100P portable turbidimeter that complies with method 180.1. This
instrument has a turbidity range of 0.01 to 1000 NTU and comes equipped with a tungsten
filament lamp, a 90° detector to monitor the scattered light, a transmitted light detector, and a
microprocessor that calculates the ratio of the signals and corrects for interferences from color or
light absorbing materials and compensates fluctuations in lamp intensity [63].
The measuring procedure consists in cooling the sample to room temperature; then, it is mixed
thoroughly to disperse the solids. After this, to avoid any error in the measurement, the air
bubbles present in the sample are removed and finally, the sample is analyzed in the turbidimeter
[62]. For future reference, a clear juice with turbidities below 180 NTU can be considered to
have good quality.
2.3.2. Refractometric Dry Solids Measurement
The Refractometric Dry Solids (RDS) or usually termed as Brix is a measurement that is of
common use in the sugar industry. It is intended to represent the apparent dry substance content
in a solution and is measured according to the ICUMSA method GS4-13 utilizing a
refractometer [64]. This measurement is said to be apparent because it tends to give higher
responses on impure sugar solutions compared to other more robust methods like the dry solids
obtained by vacuum drying (method GS4-11), due to the presence of non-sugars which densities
and refractive indices differ from the sucrose present in the juice.
To measure the apparent dry substance of the filtrate and clear juice processed in the pilot plant
we used the ICUMSA method GS4-13. The method consists in cleaning and drying the
refractometer prism and then a small amount of juice, at a temperature of 18 to 28 °C, is poured
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in the refractometer where the measurement is read. The instrument utilized was the RFM340
manufactured by Bellingham and Stanley Ltd.
2.3.3. Sucrose Measured by Polarimetry
The sucrose measured by polarimetry or pol of a solution is defined as the concentration of a
solution of pure sucrose in water having the same optical rotation as the sample at the same
temperature. For solutions containing only pure sucrose in water, pol is a measure of the sucrose
present. In contrast, for solutions containing sucrose and other optically active substances, pol
represents the algebraic sum of the rotations of the constituents present [59]. To measure the pol
of the filtrate and clear filtrate we used the Autopol 880 Saccharimeter. The sample is prepared
using approximately 250 ml of juice and two tablespoons of a lead-free clarifying agent and
mixed together. Then, the sample is passed through a Whatman No. 91 filter paper where the
filtrate is collected, introduced in the saccharimeter and analyzed.
2.3.4. Sucrose, Glucose and Fructose by HPLC
Chromatographic separation of sucrose, glucose and fructose is achieved using high
performance liquid chromatography (HPLC). Moreover, ICUMSA has approved the method
GS7/4/8-23 to measure these components in cane molasses [59]. However, the technique can
also be extended to other streams e.g. mixed juice and clear juice [65], [66].
In general, the method consists in diluting 2.25 g of juice in 100 ml of distilled water and
filtering the sample through a 0.45 μm pore size syringe filter. Then the sample is injected to the
column where it is passed over a solid adsorbent material using a flow liquid solvent. Each
analyte in the sample interacts slightly differently with the adsorbent material, thus retarding the
flow of the analytes. If the interaction of the molecules are strong like in the case of sucrose,
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glucose and fructose the elution time is long. On the contrary, if the interaction is weak, the
analytes flow off the column in a short amount of time. Finally, a chromatogram of the separated
components is obtained by differential refractometry of the column eluant [59]. The instrument
used for this purpose was the Agilent Technologies 1200 Series High Pressure Liquid
Chromatograph.
2.3.5. Phosphates Measurement
The phosphates concentration in the juice is one of the most important factors to achieve a good
clarification. In order to measure the total and soluble phosphate ICUMSA has approved the
colorimetric method GS7-15, which measures absorbance at a wavelength of 660 nm, using a
spectrophotometer or colorimeter [59]. However, this method is not practical for measuring the
juice conditions in real time that for our case was necessary, in order to know if we required
adding phosphoric acid to the filtrate.
A semi-quantitative, fast and portable method was used to perform this analysis on site. This
method was the VACUETTES Phosphates Kit (K-8510A) manufactured by CHEMETRICS
(Midland, VA); which applies the stannous chloride technique where a sample containing
phosphates reacts in an acidic solution to form molybdophosphoric acid and then is reduced by
stannous chloride to form a blue complex [67]. To calculate the phosphates concentration, the
reacted sample is compared to a scale that goes from 60 to 600 ppm as shown in Figure 27 or if
the phosphates concentration is below 60 ppm, the kit provided an additional comparator scale
that ranges between 0 to 60 ppm.
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Figure 27: High Range Phosphates Comparator
2.3.6. Color Measurement
Sugar colorants are generally classified in two groups: colors that occur naturally e.g. plant
pigments and colors that are formed during the process e.g. caramels, melanoidins [4], [43].
These components can be removed using different processes like affination, carbonation or
application of ion exchange resins, which are usually carried out in a sugar refinery. In the case
of juice clarification, this operation is not intended to remove color. However, some color
reduction can be expected and the parameter can serve as an additional source of information for
the complete assessment of the clarifier’s performance. Therefore, we measured the color of the
filtrate before and after clarification using the ICUMSA methods GS1/3-7 [68]. Basically, the
method consists in taking an aliquot of juice, approximately 5 grams and mixing it with
approximately 95 grams of water. Then the solution is adjusted to pH 7.0±0.1 by adding a
solution of sodium hydroxide or hydrochloric acid. This step is very important because colorants
are sensible to pH changes [4]. Then, the sample is passed through a 0.45 µm filter to remove
any trace of turbidity that might affect the reading, especially at the wavelength used in the
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method (420 nm) that accounts for color and turbidity. Then, the refractometric dry substance
(RDS) of the solution is measured and the sample is analyzed using a spectrophotometer
adjusted to a wavelength of 420 nm. The result is expressed in the ICUMSA color units (IU)
according to equation 4; where A is the absorbance measured at 420 nm, b is the cell length and
c represents the concentration (g/ml) of the solution [68].

IU 

1000  A
bc

(4)

2.3.7. Suspended Solids Measurement
The suspended solids are all of the insoluble material in the juice removable by mechanical
means [2]. To measure the suspended solids in the juice, before and after clarification, and
assess the performance of the clarifier, we used a method developed at Audubon Sugar Institute.
The method consists in drying and weighting a Whatman No. 4 filter paper with 90 mm of
diameter. Then, a sample of approximately 160 ml of juice is taken and filtered using vacuum to
assist the operation. Next, the filter cake is placed in the Mark 3 Moisture Analyzer
manufactured by Sartorius (Bohemia, NY), which dries the sample and measures the weight loss
continuously using a built-in electronic balance. Finally, the instrument automatically calculates
the total insoluble solids concentration (ppm) by running the concentration mode program.
2.3.8. Settling Rate Calculation
The clarifier performance can be predicted from simple batch settling test using the clarifier’s
feed juice. Basically, the process consists in taking a sample of juice from the clarifier’s feed,
one liter is usually recommended. Then, the juice, which has already been limed and flashed, is
mixed with the desired dose of flocculant in a beaker. After this, the juice is poured in the
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settling tubes as shown in Figure 28, and then the level of the mud interface is registered at 0,
0.25, 0.5, 1, 5 and 15 minutes or until the level does not change. After the test has been
concluded, the mud volume is expressed in length units using the dimensions of the cylinder and
plotted against time where the tangent of the curve is calculated. This tangent represents the
initial settling velocity of the clarifier [2].

Figure 28: Batch Settling Test Kit
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3. Results and Discussion
The Very Short Retention Time Clarifier (VSRT) was tested in Alma Plantation mill during the
2012 harvest season. To assess the performance of this unit several measurement were taken
throughout the season, the results we obtained and the possibilities of improvement will be
discussed thoroughly in this chapter.
3.1 Selection of the Flocculant Dose by Performing Batch Settling Tests
Initially, before running the pilot plant, we wanted to know which flocculant doses were the best
to be tested in the pilot plant that could lead to low turbidity and fast settling rate. Therefore, two
weeks after the factory began operations; we conducted an experiment in which we tested the
effect of adding calcium saccharate and the flocculant dose in the juice.
The flocculant used for this purpose was MAGNAFLOC LT340 manufactured by BASF and
was the same the factory utilized to clarify the mixed juice. The doses tested were 2, 3, 4 and 6
ppm. Moreover, we also wanted to analyze the effect of lime addition in the filtrate; therefore,
the batch settling tests were conducted either by adjusting the pH of the filtrate with calcium
saccharate to approximately 7.8 pH units or without any extra addition of lime. However, it
worth noting that in the process calcium saccharate is added to the muds to avoid inversion and,
as a consequence, the filtrate’s pH ranged between 6.8 to 7.4 pH units. The experiment was
structured as a completely randomized design with two level factorial treatment arrangements.
The statistical analysis of data was performed using SAS® (version 9.3, SAS institute, Cary, NC)
to determine if there were significant differences in the response variables (settling rate and
turbidity) when the effect of flocculant dose and lime addition were varied in juice. A two-way
ANOVA using Proc Mixed was performed to determine significant differences between the two
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treatments. The level of significance was tested at a P-value < 0.05. The results obtained are
shown in Table 22 and Table 23 for the settling rate and turbidity, respectively. From the results,
we were not able to detect significant differences between the treatments and Lime by Dose
interaction (P-value > 0.05).
Table 22: ANOVA Source Table for Settling Rate in the Batch Settling Test
Type 3 Tests of Fixed Effects
Effect

Num. DF Den. DF F Value

Pr > F

Lime

1

8

0.00

0.9809

Dose

3

8

0.39

0.7611

Lime*Dose

3

8

0.62

0.6207

Table 23: ANOVA Source Table for Turbidity in the Batch Settling Test
Type 3 Tests of Fixed Effects
Effect

Num. DF Den. DF F Value

Pr > F

Lime

1

8

1.00

0.3460

Dose

3

8

0.04

0.9873

Lime*Dose

3

8

0.28

0.8418

The fact that we could not detect significant differences in the batch settling test experiments
could have several explanations and it is not conclusive argument to state that the dose of
flocculant, the addition of calcium saccharate and the interaction between treatments have not
significant effect over the juice. Many things could have affected the experiment, starting by
juice which is prone to degradation or depending on the cane variety the conditions thereof could
change making more difficult the clarification. Additionally, when this experiment was designed,
the main goal was to detect the best flocculant dose and liming conditions at minimum time cost,
because the season was short and it was also necessary to commission the pilot plant and conduct
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pilot plant trials. Therefore, this experiment only included two replicates per treatment, which is
a small number of samples to consider it definitive. As a consequence, all these issues might
have inflated the residual error reducing the possibility of rejecting the null hypothesis.
Nevertheless, it was necessary to select the doses of flocculant that were going to be tested in the
pilot plant and could lead to a fast settling rate of the filtrate with low turbidity. Therefore, the
mean values of settling rate (cm/min) and turbidity (NTU) were plotted against the flocculant
concentration and sorted by lime addition as shown in Figure 29 and Figure 30, respectively (see
appendix B for the descriptive statistics). The results suggested that when extra lime was added
the lowest turbidity and the fastest settling rate were achieved at doses of flocculant of 4 and 6
ppm, respectively.
Finally, we decided to add extra lime to the juice in the pilot plant due to the fact that when the
phosphates concentration in the filtrate was measured in the batch settling test it showed that this
parameter was above 200 ppm, and as it has been discussed previously, phosphates play a major
role in the clarification process [12]. Nevertheless, we were aware that when no extra calcium
saccharate was added the settling rate was consistently higher as shown in Figure 29. However,
notwithstanding the reduced settling velocity, with the addition of calcium saccharate the
turbidity was steadily lower compared to the trials when no extra lime was added, increasing the
possibility of achieving a clear filtrate with better quality. These results are consistent with the
findings made by Doherty et al., who compared the effects of the liming addition in the
performance of the clarification process [11].
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Figure 29: Settling Rate vs. Flocculant Dose with and without the Extra Addition of Calcium
Saccharate
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Figure 30: Turbidity vs. Flocculant Dose with and without the Extra Addition of Calcium
Saccharate

3.2. Analysis of Phosphates Concentration in the Filtrate and Clear Filtrate
Phosphates play a major role in cane juice clarification. Usually, a juice with low phosphates
concentration (below 300 ppm) generally clarify poorly and produce hazy clear juice [12], [16].
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To solve this, it is a common practice to add phosphoric acid to the juice when the phosphates
concentration drops below the desirable level. However, Steindl reported that this practice brings
only limited benefits to the operation and, on the contrary, it can reduce the juice settling rate
[16]. Additionally, other authors suggest that the presence of excessive phosphates in the clear
juice can also affect the sugar filterability and increase scaling of the evaporators [12].
During the pilot plant trials, we measured the phosphate concentration using a semi-quantitative
method as it was explained in the materials and methods chapter. This method is very similar to
the official, but it less accurate in terms that the reading is made by comparing the sample to a
comparator scale, giving only an estimate.
The results obtained during the pilot plant operation, are summarized in Table 24; where it is
shown that the phosphates concentration of the raw filtrate ranged within values that can be
considered normal (240-300 ppm). However, for some trials the phosphates concentration
dropped below the recommended values, varying between 120 and 180 ppm. Fortunately, the
clarification was not affected for any of the trials and the turbidity of the clear juice remained
within acceptable values (101.8 to 227.3 NTU); avoiding the necessity of adding phosphoric acid
during the experiments, which simplified the process. Nevertheless, the phosphates concentration
in the juice are highly dependent in multiple variables like cane variety, age and geographical
location; therefore, it cannot be guaranteed that the addition of phosphoric acid will not be
necessary in future industrial implementations of the VSRT [69].
Moreover, the phosphates concentration in the clear filtrate ranged between 15 to 120 ppm. This
shows that the phosphate in the filtrate reacted with the calcium saccharate forming flocs that
were removed through the underflow of the VSRT and left the clear filtrate with low phosphates
content. Finally, Doherty et al. reported phosphates concentrations in clear juice that ranged
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between 2.5 and 34.2 ppm after the addition of calcium saccharate using hot liming. This process
is similar to the one implemented in the pilot plant and the results are comparable to their
findings [11], [12].
Table 24: Phosphates Concentration Before and After Clarification during the Pilot Plant Trials
Treatment
T1
T1
T1
T1
T1
T2
T2
T2
T2
T2
T2
T2
T2
T3
T3
T3
T3

Phosphates Concentration Phosphates Concentration
in Raw Filtrate (ppm)
in Clear Filtrate
240-300
15-20
120-180
20-30
180-240
15-20
240
20-30
240-300
20-30
300-350
50-60
350-400
50-60
300-350
60-120
240-300
50-60
120-180
20-30
120-180
15-20
60-120
15-20
240-300
15-20
350-400
40-50
350-400
40-50
240-300
15-20
300-350
50-60

3.3. Color Removal Achieved in the VSRT
The main objective of juice clarification is to eliminate the suspended solids that are contained in
it. Additionally, this operation can remove some juice color, which helps to improve the quality
of sugar, but it is usually considered a secondary goal. Nevertheless, to assess the performance of
the VSRT the color of the filtrate and clear filtrate were measured and compared to other reports.
For Louisiana, Eggleston [39] reported measurements of ICUMSA color in mixed juice and clear
juice, treated by hot liming, which ranged between 8512 IU and 7107 IU, respectively; leading to
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an average color reduction of approximately 16.5%. Additionally, Saska et al. reported
measurements of color in the same streams that ranged between 14367 IU and 9766, achieving
an average color reduction of approximately 32% [70].
In the case of filtrate clarification, Bento et al. reported ICUMSA color values in filtrate and
clear filtrate that ranged between 14980 IU and 12760 IU, respectively in Louisiana Sugar
Factories and represented a color reduction of approximately 14.8%. Interestingly, Saska et al.
observed that the filtrate color was usually lower than the clear juice obtained in main clarifiers.
The study suggested that values as low as 5936 to 7764 IU could be observed for the filtrate in
Louisiana [70]. Nevertheless, it is important to recall that juice color varies depending on
variables like cane variety, geographical location and the amount of tops and green leaves
crushed with the cane billets [69], [70].
During the pilot plant trials, we gathered samples of filtrate and clear filtrate every 10 minutes
and made a composite that was analyzed for color using the ICUMSA Methods GS1/3-7 [68].
The samples were analyzed in Audubon Sugar Institute; therefore, to avoid the degradation and
additional color generation in the juice, they were preserved using dry ice.
The mean values of color in filtrate and clear filtrate obtained during the pilot plant trials are
shown in Figure 31. For the filtrate it can be observed that the color values ranged between 6184
to 7217 IU and are comparable to the reports by Saska et al. [70], however, our results are
significantly lower compared to the filtrate color reported by Bento et al. [21]. Moreover, the
clear filtrate color we obtained ranged between 5127 to 6049 IU, which is similar to clear juice
color reported by Eggleston [39] and Saska et al. [70]; and can be used as reference values for
Louisiana.
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Figure 31: Mean Color Values of Filtrate and Clear Filtrate7
Moreover, the percent color removal or relative decolorization, defined as (color of the filtrate –
color of the clear filtrate)/color of the filtrate x 100 is shown in Figure 32 for the different
treatments (T1, T2 and T3). For all the experiments we limed the juice using calcium saccharate
to a pH of approximately 7.8 using hot liming, which is the addition of lime to the juice at
boiling temperature. The results show that the relative decolorization achieved in the VSRT
ranged between 15 to 20%, which was slightly higher than the reports done by Bento et al. [21]
and Gurumurthy [35] in filtrate clarification. Additionally, when the color removal results were
compared to measurements obtained in mixed juice clarification, it can be observed that the
relative decolorization achieved in the VSRT is within the range of 16 to 32% that was reported
by Eggleston [39] and Saska et al. [70]. This suggested that the VSRT operated satisfactorily and
no color increase should be observed in the process, if the clear filtrate obtained in the VSRT is
sent forward.

7

The descriptive statistics are shown in Appendix C.
61

Color Removal (%)

25
20
15
10

Color Removal

5
0
T1

T2
Treatment

T3

Figure 32: Percent Color Removal archived in the VSRT
Table 25 shows the ANOVA source table through the one we examined if there were significant
differences between the relative decolorization obtained with the three treatments that were
tested in the VSRT. The statistical test was implemented using a CRD analysis coded in SAS ®
(version 9.3, SAS institute, Cary, NC). From the results we failed to reject the null hypothesis (Pvalue>0.82), which may suggest that neither the flocculant dose nor the flow rate affected the
color removal in the VSRT. As a consequence, the clarifier can be operated at the maximum
flow rate (60 gpm) and using a low dose of flocculant (4 ppm). In other words, the VSRT can be
operated at a very short residence time (less than 10 minutes) without compromising the quality
of the clear juice and with reduced flocculant consumption.
Table 25: ANOVA Source Table for Color Removal
Type 3 Tests of Fixed Effects
Effect
Treatment

Num. DF Den. DF F Value
2

7.21

62

0.20

Pr > F
0.8193

3.4. Gravity Refractometer Purity Rise and Reducing Sugars in the VSRT
Basically, the purity of a sugar product is defined as the sucrose present in percentage terms of
the soluble dry substance. Given that the sucrose and the brix can be measured using different
techniques e.g. Polarimetry, HPLC, RDS, vacuum oven drying [64], it follows that the purity can
be expressed in several forms [4]. The ones of interest for this work are the Apparent Purity,
which is the ratio of apparent sucrose measured by polarimetry and the soluble dry substance
measured using a refractometer; True Purity, which is defined as the percentage of true sucrose
in the dry substance measured by vacuum oven drying and finally, the Gravity Refractometer
Purity or Refractometer Sucrose Purity, which is the percentage of true sucrose in the
refractometric dry solids (RDS) [4].
The purity rise, which is the purity of the clear filtrate minus the purity of the filtrate, is
sometimes erroneously considered a criterion to assess the performance of the clarification
process. Actually, different authors suggest that this parameter has little value and may be
misleading [4], [29], [39], [42]. Some of the causes to observe a purity rise between the raw and
clear juices are the removal of suspended matter or the destruction of reducing sugars, among
others [4]. Therefore, no great reliance can be placed in the purity rise as a criterion of good
clarification, especially if this if this measurement is based on apparent purity, which is
calculated using optical methods that can increase the uncertainty compared to other techniques
e.g. true purity. Nevertheless, it is worth mentioning that a sharp drop in the purity of raw to
clear juice may indicate losses caused by inversion [4].
During the pilot plant trials we gathered samples of filtrate and clear filtrate every 10 minutes
and made a composite that was taken to the ASI Laboratory where we measured the RDS and
sucrose, fructose and glucose using HPLC. From these measurements we calculated the
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Refractometer Sucrose Purity (RSP) as well as the reducing sugars or inverts (Sucrose and
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Glucose), in both filtrate and clear filtrate, and graph them as shown in Figure 33.
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Figure 33: Gravity Refractometer Purity and Reducing Sugars (Glucose + Fructose) Before and
After Clarification
The results show that for all the treatments the purity of the clarified juice increased in
comparison to purity of the filtrate. The average purity rise ranged between 0.14 units for T3 (60
gpm and 6 ppm flocculant dose) to 1.17 units for T1 (40 gpm and 4 ppm flocculant dose),
respectively. However, we checked if there were significant differences in the juice purity rise
obtained with the three different treatments using a CRD analysis coded in SAS® (version 9.3,
SAS institute, Cary, NC) failing to reject the null hypothesis (P-value > 0.06) as shown in Table
26. This suggests that neither the flocculant addition nor the flow rate had a great influence in the
purities obtained in the juice. Furthermore, it is worth mentioning that to guarantee the
assumption of normality of the statistical analysis we had to remove a record from the dataset,
which was considered to be an outlier. This record showed a purity drop of almost 3 units, but
the inverts to sucrose ratio remained invariant suggesting that there was no degradation of
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sucrose. Moreover, the purity rise values found are lower compared to the reports of other
authors who have shown an apparent purity rise from filtrate to clear filtrate that ranged between
2 and 10 units [20], [22], [23], [24], [33]. These values were higher, probably, because they were
based on apparent purity. On the contrary, for this study, the purity values were based in the
Refractometric Sucrose Purity (RSP), which is a more reliable and has shown a very tight
correlation when compared to the True Purity method [71].
Table 26: ANOVA Source Table for Purity Rise
Type 3 Tests of Fixed Effects
Effect
Treatment

Num. DF Den DF F Value
2

7.86

4.14

Pr > F
0.0593

Moreover, the reducing sugars (Glucose and Fructose) that were obtained from the HPLC
analysis are shown in Figure 33. Here, it can be observed that reducing sugars decreased for
treatment 1, which may be attributed to alkaline degradation reactions; and due to the fact that
the lime addition in the pilot plant was manually controlled, the probability of destroying
reducing sugars was present. Additionally, for treatment 2 we detected a slight increase in the
reducing sugars, which is usually attributed to acid degradation of sucrose at high temperatures
in the clarifier and finally, for treatment 3 we did not observe changes in the reducing sugar
concentration. In order to confirm if the manual liming, the temperature of the juice or the
residence time of the clarifier were destroying reducing sugar or generating inversion of sucrose,
the inverts to sucrose ratio was calculated (Figure 34). From the results it can be observed that
for all the treatments the average ratio remained constant before and after clarification suggesting
that none of these effects occurred in the VSRT. This is also supported with the color analyses,
previously discussed, where no color increase was observed in the clear filtrate. Moreover, the
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inversion of sucrose into fructose and glucose is a slow reaction [39] and with only 10 minutes
residence time in treatments 2 and 3, and 12 minutes for treatment 1, the possibility of this
occurring in the VSRT was low. However, it is important to emphasize that for full scale
implementation of the VSRT an automatic control of pH would necessary to avoid over liming,
which can destroy reducing sugars, increase ash contents and the turbidity in the juice [12]. The
descriptive statistics of the measurements discussed here are summarized in appendix D.
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Figure 34: Inverts to Sucrose Ratio before and after Clarification
3.5. Removal of Suspended Solids in the VSRT
The main goal of clarification is to remove the suspended solids, increase the pH to reduce the
inversion and partially remove some color in the juice [32], [70]. The suspended solids in the
filtrate vary depending on the different filtration practices for each factory. ICUMSA states that
this concentration can go from 0 to 3% [59] and, Casey [22] and Kwok [25], who experimented
with filtrate clarification, reported an average suspended solids concentration in filtrate of 2.77
and 2.72%, respectively, and in clear filtrate the same authors reported suspended solid

66

concentrations of 0.18 and 0.17%, representing an average suspended solids removal of
approximately 93%.
The samples that were collected during pilot trials were analyzed to measure the suspended
solids concentration before and after clarification as shown in Figure 35. From the results, it can
be observed that the suspended solids concentration in the filtrate and the clear filtrate ranged
between 6349 to 9258 ppm and 528 to 1063 ppm, respectively. This reduction represented an
average suspended solids removal of 84 to 95% as shown in Figure 36, which is comparable to
results obtained by Casey and Kwok [22], [25]. However, their clarifier had approximately 30
minutes residence time and required the addition of two flocculants. In comparison, the retention
time of the VSRT ranged between 10 to 12 minutes and only required the addition of one
flocculant, which was the same used in the sugar factory. As a consequence, the VSRT can
achieve high suspended solids removal at high throughputs with fewer footprints and a simpler
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Figure 35: Suspended Solids Concentration in Filtrate and Clear Filtrate
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Moreover, when the juice was inspected it was difficult to observe suspended particles in the
clear juice. This is more evident when we look at Figure 37, which gives an idea of the efficiency

Suspended Solids Removal (%)

of the VSRT in removing the suspended matter from the juice.
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Figure 36: Suspended Solids Removal in VSRT

Figure 37: Suspended Solids Before and After Clarification
Furthermore, to test if the flow rate and the dose of flocculant influenced significantly the
suspended solids removal, we performed a CRD analysis (Table 27) using SAS® (version 9.3,
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SAS institute, Cary, NC). The statistical analysis suggested that there were significant
differences between the treatments (P-Value < 0.002) that were further analyzed using Tukey’sKramer adjustment as shown in Table 28 and evaluated at a significance level of P-value < 0.05.
Table 27: ANOVA Source Table for Suspended Solids Removal
Type 3 Tests of Fixed Effects
Effect
Treatment

Num. DF Den. DF F Value
2

7.27

17.87

Pr > F
0.0016

Table 28 shows some interesting findings. First, treatments 1 and 2, which used the same dose of
flocculant (4 ppm), but different flow rate 40 and 60 gpm, respectively, were not significantly
different in the amount of suspended solids removed, ranging from 84 to 86%, respectively. This
situation suggested that the VSRT could be operated at the maximum flow rate (10 minutes
residence time) without compromising the quality of the juice.
Furthermore, when treatments 2 and 3 were compared they showed to be significantly different
in the amount of suspended solids removed. Both treatments, T2 and T3, had the same flow rate
of 60 gpm, but different flocculant dose, 4 and 6 ppm, respectively. The results suggested that
the high dose of flocculant removed more insoluble solids (95%) than the low dose (86%).
However, this extra removal comes at a higher expense due to the additional amount of
flocculant that is required. In the case of the pilot plant, the additional flocculant consumption
increased almost 1.5 times when varying the dose from 4 to 6 ppm. Additionally, it is not always
necessary to achieve the maximum suspended solids removal in a filtrate clarifier due to the
dilution effect that takes place when the clear juice and the clear filtrate are combined; which
reduces the suspended solids concentration to a tolerable level that will neither impact negatively
the process nor affect the quality of the sugar that is being produced.
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Table 28: Significant Differences between Treatments for Suspended Solids Removal
Effect

Treatment Treatment

Estimate

Std.
Error

DF

t Value Adjustment

Adj. P

Treatment

T1

T2

-1.8821

3.0745 5.08

-0.61

TukeyKramer

0.8181

Treatment

T1

T3

-10.7831 3.1172 5.24

-3.46

TukeyKramer

0.0238

Treatment

T2

T3

-8.9010

-5.65

TukeyKramer

0.0017

1.5757 7.66

Finally, Simpson reported that an acceptable suspended solids concentration in clear juice should
range between 0.030 to 0.075% [38]. Moreover, Jullienne et al. reported values of suspended
solids in clear juice at South African Sugar Mill that ranged between 0.01 to 0.095% [18].
Finally, in order to see if the suspended solids in the clear filtrate were different to these reports,
we compared the mean insoluble solids in clear filtrate to a value of 750 ppm where we found
that they were not significantly different. Therefore, the clear filtrate obtained with the VSRT
can be sent forward in the process. This value of 750 ppm is the intermediate and maximum
insoluble solids concentration reported by the Jullienne et al. and Simpson, respectively [18],
[38].
3.6. Analysis of the Juice Turbidity Obtained in the VSRT
In the previous section, we discussed that the VSRT achieved a removal of suspended solids that
ranged between 84 to 95%, which demonstrated a good performance of the VSRT.
Unfortunately, measuring the suspended solids concentration is not an easy task and is also time
consuming; therefore, it is not usual that the factories implement this method to assess the
clarifier’s performance. Instead, they use turbidity, which is a measurement that gives an
indication of the clarification efficiency in an inexpensive, rapid and simple way.
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To assess if the quality of the clear filtrate obtained in the VSRT was acceptable to be sent
forward in the process, the turbidity of different streams taken from the pilot plant and the
factory were measured and compared. These streams were the clear filtrate from the VSRT, the
clear juice from the factory’s clarifiers, the batch settling tests done on site, four different levels
of the VSRT positioned lengthwise in the clarifier and, finally, a composite made of clear filtrate
and clear juice in a proportion of 1:5, respectively, which simulated the combination of the two
streams in a full scale operation.
The data analysis consisted in a Split-Plot design coded in SAS® (version 9.3, SAS institute,
Cary, NC), where the main plots were the three treatments, T1, T2 and T3; and the subplots were
the sampling ports: clear filtrate, clear juice, the composite in a 1:5 proportion and the batch
settling test. For simplicity we have denominated the composite as Mix 1:5. Similarly, we also
analyzed the turbidity profile along the VSRT using the same experimental design, but for the
subplots we considered five sampling ports, with 1 foot separation, positioned from the bottom
(Level 1) to the top of the clarifier (Clear Filtrate). Finally, for both statistical designs the degree
of significance was evaluated at the Treatment by Level or Treatment by Port interaction (TxL),
depending in the analysis.
For the first experimental design, where the clear filtrate, the clear juice, the Mix 1:5 and the
batch settling test were compared, the results are shown in Figure 388 where we can observe that
the clear filtrate turbidities ranged between 232.9 to 293.5 NTU and were no significantly
different between treatments (P-value>0.05); which suggests that the VSRT clarifier can be
operated at high a flow rate (60 gpm) and a low dose of flocculant (4 ppm) without
compromising the quality of juice. However, when the clear filtrate was compared to the clear

8

The descriptive statistics are summarized in appendix F.
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juice samples, the turbidities of the clear juice were significantly lower. Nevertheless, the
comparison of the Mix 1:5 with the clear juice samples were not different; which suggests that,
even though the turbidity of the clear filtrate was high, it will not negatively impact the turbidity
of the juice that is sent to the evaporators. Moreover, the turbidities of the composite were
always within a clarification target of 50 to 180 NTU, which is used in several Louisiana
Factories to assess the clarification performance.
Pursuing this further, even though the turbidities obtained in the clear filtrate were higher than
the ones of the clear juice, the VSRT always showed a good performance by achieving
turbidities values, in clear filtrate, that were not significantly different to the batch settling test
conducted for each trial. In other words, the VSRT always achieved the turbidity targets set by
the batch settling tests.
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Figure 38: Turbidity Comparison of Different Streams Processed in the VSRT and the Factory
Furthermore, the turbidity profile measured lengthwise in the clarifier is shown in Figure 39. The
results show that for all the treatments, the turbidities were not significantly different between
the clear filtrate, the Level 4, Level 3 and Level 2 of the clarifier, the latter which is positioned
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just above the TRD, as shown by the detail drawing in appendix G. This result is consistent with
the reports of Kochergin et al. who observed that once the solids were separated the height of the
liquid collection above the TRD distributors is not important in the absence of turbulence eddies
[30]; which enabled us to propose and develop a filtrate clarifier with a very short retention time
using Louisiana Low Turbulence technology.
On the other hand, during the trials, it was not possible to measure the turbidity of the raw filtrate
because it exceeded the range of the instrument we utilized (0.0 to 1000 NTU). However, Bento
et al. reported that the nephelometric turbidity of raw filtrate in Louisiana was on average 1396
NTU [21]. If this value is used as a reference, the average turbidity removal achieved in the
VSRT may have ranged between 78.9 to 83.3%, which is comparable to other authors’ results

Turbidity (NTU)

who reported turbidity removals of 79 to 98% [21], [22], [23].
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Figure 39: Turbidity Profile in the VSRT
Finally, in Figure 40 it can be observed that the VSRT was very effective in removing the
suspended matter from the filtrate, as it is demonstrated by placing two samples of filtrate before
and after clarification next to each other. Additionally, in the same figure it can be observed that
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when a sample of clear filtrate was placed next to a sample of clear juice both samples were very
similar. However, the turbidity of the clear filtrate was higher.

Figure 40: Comparison of the Raw Filtrate, Clear Filtrate and Clear Juice
3.7. Assessment of a Louisiana Low Turbulence Clarifier with a Built-in Flash Trough
As it was previously discussed, during the development of this project a new juice flashing
device that comes built-in the clarifier was devised. The flash trough, as it has been denominated,
provides more degassing area and avoids air re-entrainment compared to the flash tanks that are
commonly used in the industry. This new design was tested during the 2012 harvest season at the
Andhra Sugars in India, an image of the clarifier can be observed in Figure 41.
The clarifier, in which the flash trough was adapted, consisted in a 30 minutes residence time
settler that worked with Louisiana Low Turbulence technology. During the trials, the clarifier
was fed with approximately 89 to 120 m3/h of mixed juice and used a dose of flocculant of 5
ppm. Moreover, this settler operated side by side with other LLT clarifier that used a Type B
flash tank to degas the juice and treated the rest of the flow generated by the factory;
approximately 74 to 110 m3/h of mixed juice with an average residence time of 2 hours. For
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simplicity, the clarifier with the built-in flash trough will be denominated FTLLT and the
standard clarifier just LLT.

Figure 41: LLT Clarifier with Built-In Flash Trough
Moreover, to assess the performance of this new device, the color and turbidity of the clear juice
were monitored during the trials. In the case of the color analysis, the method that the factory’s
laboratory utilized was similar to the one discussed in the analytical methods section, where the
color is measured at a wavelength of 420 nm and pH 7.0. However, for the turbidity analysis, the
method utilized consisted in measuring the absorbance of the samples, before and after being
filtered, at a wavelength of 420 nm; then turbidity is calculated subtracting the two values [4].
More information about this method can be found in the work done by Eggleston [40], who
measured the turbidity of the mixed juice and clear juice in Louisiana at this wavelength
reporting values that ranged between 51959 and 2947, respectively.
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The results indicated that the new design was fully functional and did not affect the quality of the
clear juice. In terms of color, the results are shown in Figure 42, where it can be observed that
the FTLLT reduced the color of the mixed juice to clear juice from 19359 to 14000 IU,
respectively; achieving a color removal in the clarifier that ranged from 25 to 32%. These results
are similar to the measurements made by Saska et al. who reported a color removal of 32%
obtained by simple defecation [70].
Additionally, when the color removal obtained in the FTLLT was compared to relative
decolorization achieved in LLT clarifier, no significant differences were found between the two
settlers (P-value>0.48). The results are shown in Figure 43 and suggest that this new design did
not affect the quality of the juice in terms of color removal.
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Figure 42: Color Measurements Before and After Clarification, and Color Removal Obtained in
the FTLLT
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Figure 43: Comparison of the Color Removal Obtained in a FTLLT vs. LLT Clarifiers
Furthermore, when the turbidity measurements were analyzed, we observed that the FTLLT
reduced the turbidity of juice from 45492 to 3236, respectively; achieving a turbidity removal
that ranged between 90.5 and 94.4%. These results are shown in Figure 44 and compared to the
clear juice turbidity reported by Eggleston, no significant differences were found (Pvalue>0.1795) [40]. Therefore, the LLT clarifier with a built-in flash trough can serve as a good
option for several Louisiana factories that have reportedly experienced high fibre content in the
clear juice due to flash tank malfunctioning [30].
Similarly, when turbidity removal achieved in FTLLT was compared to the one obtained in LLT
clarifier, no significant differences existed between settlers (P-value>0.45). These results, which
are shown in Figure 45, demonstrate that the FTLLT is fully functional and delivers a clear juice
with low color and turbidity. It is projected that for 2013-2014 Louisiana harvest season two
clarifier with this flash trough will be in operation. One of the clarifiers will treat mixed juice
with a residence time of 30 to 40 minutes and the other filtrate with 10 minutes residence time,
running continuously.
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4. Conclusions
In this study a Very Short Retention Time Clarifier (VSRT) that operates with a residence time
below 10 minutes has been developed and tested for filtrate clarification during the 2012
Louisiana harvest season. Additionally a new degassing device, that comes built-in the clarifier,
has been proposed and tested in the Andhra Sugar Ltd in India. The specific accomplishments
and insights derived from this research are listed below.


The addition of phosphoric acid was not necessary in any of the trials due to the high
phosphates concentration (240-300 ppm) in the filtrate, which made the process simpler
without compromising the quality of the clear filtrate.



The relative decolorization achieved in the VSRT ranged from 15 to 20% and was
comparable to the color removal achieved in other filtrate clarifiers with higher residence
times. The statistical analysis did not provide any evidence that the flow rate or the
flocculant dose affected the color removal performance of the VSRT; therefore the
clarifier can be operated at the shortest residence time with low flocculant consumption.



The color in the clear filtrate ranged between 5127 and 6049 IU, which is lower than the
clear juice color reported by other authors for the Louisiana Sugar Industry; therefore, if
these two streams are combined no color increase should be observed in the resulting
flow.



The suspended solids removal achieved in the VSRT ranged from 84 to 95% and
produced a clear juice with an insoluble solids concentration that varied between 528 and
1063 ppm; which is not significantly higher than the expected suspend solids
concentration for a clear juice. Therefore, if these two streams are combined the resulting
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flow should remain virtually invariant compared to the suspended solids concentration of
the clear juice from the main clarifiers.


The statistical analysis of the three different treatments tested in the VSRT indicated that
the high flow rate did not affect the suspended solids removal in the VSRT. However the
flocculant dose was highly significant showing that more suspended solids were
removed with the high flocculant dose (6 ppm). Nevertheless, to reduce the chemical
consumption, we consider that treatment T2 (60 gpm and 4 ppm) will guarantee, in
future implementations, an intermediate suspended solids removal and an insoluble
solids concentration in the clear juice that will not negatively impact the process.



In terms of turbidity, the results show that the performance of the VSRT was satisfactory
when compared to the turbidities of the Batch Settling Test performed for every trial.
Moreover, a comparison of the turbidities of the clear filtrate and the clear juice
indicated that the turbidities of the clear filtrate were higher. However, the statistical
analysis suggests that the clear filtrate can be sent forward in the process because the
turbidity of the MIX 1:5 was not significantly different than the clear juice turbidity
within each treatment.



The impact of the Louisiana Low Turbulence Technology (LLT), which reduces the
turbulent eddies in the flow, is evident when the turbidity profile along the clarifier is
analyzed; showing that as soon as the juice is separated the turbidity is not significantly
different in the upper levels of the clarifier. This behavior was previously observed in the
LLT clarifier and was the driving force that led us to design a filtrate clarifier with very
short residence time.
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The purity rise achieved in the VSRT ranged from 0.14 to 1.17 units. However, as we
discussed previously this parameter should not be used to assess the clarifier
performance. Additionally, when the invert to sucrose ratio was analyzed, we did not
observed changes in the parameter suggesting the neither inversion nor destruction of
reducing occurred in the VSRT.



During the development of this study we devised a new degassing device, which was
adapted to an LLT clarifier and tested in a sugar factory in India. The results indicated
that the juice quality achieved in the clarifier was not affected by the implementation of
this new device and was comparable to the clear juice obtained in other LLT clarifier
(with a correctly positioned flash tank) that operated in parallel. The performance of this
new device will be assessed in more detail during the next harvest season in Louisiana.
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Appendix A. Terms and Definitions


Apparent Purity: It is percent sucrose (calculated by polarization) in total soluble solids.



Bagacillo: Fine fraction of bagasse obtained by screening or pneumatic separation, generally
used as a filter aid in filtration.



Brix: Measure of dissolved solids in sugar juice, liquor or syrup using a refractometer.



Clarified Juice: Treated juice from clarifiers, also referred to as clear juice.



Filtrate Juice: Also denominated Filtrate. It is the liquid passed through the screens of the
filters.



Floc: is flake of precipitate that comes out of solution during the process of flocculation



Flocculation: is a process wherein colloids come out of suspension in the form of floc or
flakes by the addition of a clarifying agent. Usually, in the cane sugar industry the flocculant
are high molecular weight polyacrylamide.



Imbibition: The process of adding imbibition water to the extraction plant to increase sucrose
extraction. The water added is called imbibition water.



Muds: Underflow of the clarifier with high concentration of insoluble solids.



True Purity: it is percent sucrose in total soluble solids



Turbidity: is usually considered to be the cloudiness or haziness in a sugar solution that will
not settle in a reasonable time.

87

Appendix B. Descriptive Statistics of the Batch Settling Test
Table 29: Mean Values for Turbidity and Settling Rate Obtained in the Batch Settling Tests
Extra Lime Dose (ppm) N. Obs.

Variable

Mean

Std. Dev.

C2

2

Turbidity (NTU)
152.50
Settling Rate (cm/min) 31.30

71.42
14.57

C3

2

Turbidity (NTU)
119.25
Settling Rate (cm/min) 41.60

59.04
2.83

C4

2

Turbidity (NTU)
175.55
Settling Rate (cm/min) 28.00

127.92
6.22

C6

2

Turbidity (NTU)
162.75
Settling Rate (cm/min) 29.50

96.52
9.19

C2

2

Turbidity (NTU)
119.00
Settling Rate (cm/min) 29.00

2.83
16.12

C3

2

Turbidity (NTU)
131.50
Settling Rate (cm/min) 27.70

6.36
16.83

C4

2

Turbidity (NTU)
100.00
Settling Rate (cm/min) 24.80

14.14
11.88

C6

2

Turbidity (NTU)
121.65
Settling Rate (cm/min) 49.80

58.48
40.45

No

Yes
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Appendix C. Descriptive Statistics of Color Removal Achieved in the VSRT
Table 30: Mean Values for Color (IU) in Filtrate and Clear Filtrate
Treatment
T1
T2
T3

Type

N. Obs.

Mean

Std. Dev. Minimum Maximum

Clear Filtrate

5

5702.23

1454.88

3267.03

7055.10

Filtrate

5

7177.26

1848.92

5063.91

10071.07

Clear Filtrate

8

6049.12

1402.06

3420.83

8369.96

Filtrate

8

7217.49

1690.70

5101.58

10579.96

Clear Filtrate

4

5127.12

737.60

4455.13

5792.00

Filtrate

4

6184.43

69.44

6121.00

6254.03

Table 31: Mean Values for Color Removal (%) Achieved in the VSRT
Treatment N. Obs. Mean Std. Dev. Minimum Maximum
T1

5

20.30

12.80

4.42

35.48

T2

8

15.83

11.32

2.47

32.95

T3

4

17.19

11.00

7.39

27.31
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Appendix D. Descriptive Statistics of Gravity Refractometer Purity and Other
Measurements Obtained in the VSRT
Table 32: Mean Values of Purity and Reducing Sugar Obtained in Filtrate and Clear Filtrate
Treatment Type

Clear

N. Obs.

Clear

5

0.79
0.84
0.20
1.08
1.08
0.02

11.04
10.11
0.08
6.38
91.01
0.01

12.95
12.12
0.48
8.99
93.62
0.04

5

RDS (%)
12.24
Sucrose (%)
11.17
R. Sugars (%)
0.24
Non-Sucrose (%)
8.75
RSP (%)
91.25
R. Sugars /Sucrose 0.02

0.96
0.85
0.19
0.95
0.95
0.02

11.05
10.04
0.08
7.60
90.05
0.01

13.60
12.25
0.47
9.95
92.40
0.04

7

RDS (%)
12.23
Sucrose (%)
11.25
R. Sugars (%)
0.17
Non-Sucrose (%)
8.02
RSP (%)
91.98
R. Sugars /Sucrose 0.01

0.32
0.26
0.13
0.86
0.86
0.01

11.93
10.95
0.08
6.79
91.01
0.01

12.79
11.64
0.46
8.99
93.21
0.04

7

RDS (%)
12.21
Sucrose (%)
11.19
R. Sugars (%)
0.16
Non-Sucrose (%)
8.37
RSP (%)
91.63
R. Sugars /Sucrose 0.01

0.15
0.13
0.13
0.68
0.68
0.01

12.04
10.99
0.08
7.22
90.84
0.01

12.45
11.33
0.44
9.16
92.78
0.04

4

RDS (%)
12.67
Sucrose (%)
11.54
R. Sugars (%)
0.13
Non-Sucrose (%)
8.91
RSP (%)
91.09
R. Sugars /Sucrose 0.01

0.46
0.43
0.02
0.55
0.55
0.00

12.20
11.10
0.11
8.19
90.48
0.01

13.30
12.12
0.17
9.52
91.81
0.01

4

RDS (%)
12.59
Sucrose (%)
11.46
R. Sugars (%)
0.13
Non-Sucrose (%)
9.05
RSP (%)
90.95
R. Sugars /Sucrose 0.01

0.50
0.53
0.02
0.65
0.65
0.00

12.10
10.96
0.11
8.33
90.24
0.01

13.21
12.11
0.16
9.76
91.67
0.01

T2

Raw

Clear

T3

Raw

Mean Std. Dev. Minimum Maximum

RDS (%)
11.91
Sucrose (%)
11.01
R. Sugars (%)
0.23
Non-Sucrose (%)
7.58
RSP (%)
92.42
R. Sugars /Sucrose 0.02

T1

Raw

Variable

90

Appendix E. Descriptive Statistics of Suspended Solids in Filtrate and Clear
Filtrate
Table 33: Mean Values of Suspended Solids Obtained in Filtrate and Clear Filtrate
Treatment
T1
T2
T3

Type

N. Obs.

Mean

Std. Dev. Minimum Maximum

Clear (ppm)

5

948.38

237.52

607.44

1196.83

Raw (ppm)

5

6349.05

1513.26

4626.16

8317.75

Clear (ppm)

8

1063.66

179.42

863.16

1386.24

Raw (ppm)

8

7323.96

1544.11

4566.77

9695.12

Clear (ppm)

4

528.18

301.48

113.10

824.10

Raw (ppm)

4

9259.81

2358.98

5869.37

11150.45

Table 34: Mean Values of Suspended Solids Removal obtained in the VSRT
Treatment N. Obs. Mean Std. Dev. Minimum Maximum
T1 (%)

5

83.96

6.46

75.55

92.70

T2 (%)

8

85.84

2.98

79.39

89.03

T3 (%)

4

94.74

2.34

92.61

98.07
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Appendix F. Descriptive Statistics of Juice Turbidity in the VSRT9
Table 35: Mean Values of Juice Turbidity (NTU) in Different Sampling Ports of the Factory
Treatment Variable N. Obs.

(A)

T1

(A)

T2

Std. Dev. Minimum Maximum

CF(A)

5

251.10

105.59

142.80

427.20

CJ(B)

5

142.42

23.49

105.80

171.10

JAR(A)

5

203.80

45.59

154.00

276.00

MIX(A,B)

5

156.60

30.48

107.00

185.00

CF(A)

8

232.85

79.19

110.20

382.70

CJ(B)

8

151.78

24.75

105.80

192.10

(A)

8

235.69

90.98

86.50

360.00

(B)

8

153.78

21.03

109.00

183.00

(A,C)

4

293.48

17.35

272.00

314.30

(B)

4

175.23

16.05

153.70

192.10

JAR(A)

4

379.83

64.99

289.00

435.00

MIX(B,C)

4

196.83

6.10

189.00

203.00

JAR

MIX
CF
T3(A)

Mean

CJ

Table 36: Mean Values of Juice Turbidity (NTU) in the Different Levels of the VSRT
Treatment Variable N. Obs.

T1

9

Std. Dev. Minimum Maximum

5

251.10

105.59

142.80

427.20

L1

(A)

5

271.40

108.70

149.20

447.70

L2

(A)

5

268.14

116.43

137.80

454.70

L3

(A)

5

256.76

103.45

128.00

416.80

L4(A)

5

256.36

102.18

129.30

410.20

CF
(A)

Mean

(A)

Superscripts with the same letter indicate not significant difference

92

(Table 36 continued)
Treatment Variable N. Obs.
8

232.85

79.19

110.20

382.70

8

343.90

118.60

193.70

579.20

L2

(A)

8

269.26

79.24

120.00

387.30

L3

(A)

8

246.01

83.70

119.50

406.70

L4(A)

8

233.50

80.72

101.30

380.80

CF(A)

4

293.48

17.35

272.00

314.30

L1(B)

4

361.42

8.24

355.00

372.50

L2(A,B)

4

325.33

21.92

298.50

352.00

L3(A,B)

4

316.30

37.72

270.20

362.50

L4(A)

4

297.60

18.93

275.20

321.50

L1
T2

T3(A)

Std. Dev. Minimum Maximum

(B)

CF
(A)

Mean

(A)
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Appendix G. Detail Drawing of the Very Short Retention Time Clarifier
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Appendix H. Descriptive Statistics Used to Assess the Performance of the LLT
Clarifier with Built-in Flash Trough at Andhra Sugars
Table 37: Mean Color Removal Achieved in the FTLLT and LLT Clarifiers
Type

N. Obs. Mean Std. Dev. Minimum Maximum

FTLLT (%)

7

27.37

2.46

25.55

32.11

LLT (%)

7

28.16

1.51

26.70

31.20

Table 38: Mean Turbidity Removal Achieved in the FTLLT and LLT Clarifiers
Type

N. Obs. Mean Std. Dev. Minimum Maximum

FTLLT (%)

7

92.87

1.28

90.50

94.40

LLT (%)

7

92.33

1.32

90.00

93.80

Table 39: Mean Color Values of the Juice obtained in the FTLLT and LLT Clarifiers
Sample

N. Obs.

Mean

Std. Dev. Minimum Maximum

Mixed Juice (IU)

7

19359.71

857.74

18234

20712

Clear Juice- FTLLT (IU)

7

14048.29

440.60

13427

14627

Clear Juice- LLT (IU)

7

13897.86

440.25

13363

14541

Table 40: Mean Turbidity Values (at 420 nm) of the Juice obtained in the FTLLT and LLT
Clarifiers
Sample

N. Obs.

Mean

Mixed Juice

7

45492.9

2726.1

41260

49010

Clear Juice- FTLLT

7

3236.1

503.5

2410

3901

Clear Juice- LLT

7

3472.6

516.7

2662

4109
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Std. Dev. Minimum Maximum
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